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INVESTIGATION  OF  A  HYBRID  WAFER  SCALE  INTEGRATION 


TECHNIQUE  THAT  INVOLVES  MOUNTING  DISCRETE  INTEGRATED 
CIRCUIT  DIE  IN  A  SILICON  SUBSTRATE 

I .  Introduc  t ion 

Background 

Wafer  Scale  Integration  (WSI)  is  currently  being  investigated  for 
increasing  the  density,  reliability,  and  speed  of  Very  Large  Scale 
Integration  (VLSI)  and  Verv  High  Speed  Integrated  Circuit  (VHSIC)  systems 
(1:47,  2:49,  3:845).  Signal  processing  and  digital  computing  system:;  art 
two  candidate  applications  which  will  benefit  from  successful  research  in 
this  area.  However,  the  capability  for  direct  wafer  scale  fabrication  is 
limited  by  unacceptably  low  yields  (3:845).  In  an  attempt  to  increase  tin 
system  yield,  research  in  circuit  redundancy  and  discretionary  wiring  is 
being  vigorously  pursued  (1:47,  2:49-53,  4:54-58,  5:339-344). 

Many  of  the  benefits  of  WSI,  however,  may  be  achieved  bv  considering 
a  hybrid  approach  to  the  problem.  Likewise,  the  problem  of  low  yield  m.<v 
be  solved.  In  Hybrid  Wafer  Scale  Integration  (HWSI),  electrically  test.d 
VLSI  or  VHSIC  die  may  be  close  mounted  utilizing  several  schemes,  and 
interconnected  to  achieve  enhanced  system  performance  (3:845,  4:281. 
Various  types  of  MOS  and  bipolar  circuits  mav  be  combined  using  a  wafer 
scale  package  that  svnergistical lv  accommodates  the  flexibility  and 
reliability  of  hybrid  integrated  circuits  with  the  c lose  -  pack i ng 
advantage  of  the'  WSI  approach. 

The  traditional  hybrid  method  of  interconnections  between  circuit  di, 
has  been  to  use  wire  bonds  between  die  pads  and  board  leads  t  ,‘  :  4  >  .  A: 


high  operating  frequencies,  parasitic  impedances  are  significant  and  act 


to  limit  the  switching  performance  of  the  system  (7:12).  It  has  been 
proposed  that  many  of  these  parasitics  would  be  eliminated  if  the  die's 
top  surface  was  mounted  coplanar  with  the  top  surface  of  the  substrate, 
and  interconnections  made  by  means  of  thin- film  metallic  conductors 
acting  as  microstrips  (7:12). 

Problem  Statement 

This  study  investigates  a  hybrid  method  of  WSI  which  involves 
mounting  discrete  integrated  circuit  die  into  etched  "wells"  of  a 
supporting  wafer,  aligning  the  top  surfaces  of  the  die  and  the  support 
substrate,  planarizing  the  gap  between  the  die  and  the  substrate, 
applying  a  conformal  dielectric  smoothing  layer,  and  then  interconnecting 
the  circuit  die  using  a  patterned  thin-film  metallization  technique. 

This  study  seeks  to  establish  a  fabrication  process  by  which  electrically 
tested  integrated  circuit  die  can  be  close -mounted  and  reliably 
interconnected  with  relatively  low  impedance  microstrip  conductors. 


Scope 

This  research  project  was  conducted  in  four  phases.  The  first  phase 
was  initiated  bv  identifying  an  appropriate  etching  technique  to 
fabricate  the  circuit  die  "wells"  in  the  surface  of  a  relatively  thick 
silicon  wafer  (15  -  18  mils  or  approximately  0.6  -  0.7  millimeters).  This 
phase  is  known  as  the  Wet  Orientation  Directed  Etching  (WODE)  study.  The 
second  phase  sought  to  identify  an  optimal  die  attach  adhesive  to 
reliably  mount  the  circuits  to  the  bottom  of  the  "well".  This  investiga¬ 
tion  is  referred  to  as  the  Die  Attach  Adhesive  (DAA)  study.  The  third 
phase  involved  th-~  preparation  of  final  samples  for  electrical  perform- 
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ance  evaluation.  During  this  phase,  several  experiments  were  conducted  to 
determine  the  optimal  techniques,  materials,  and  processing  temperatures 
for  preparing  the  final  samples.  The  fourth  and  last  phase  focused  on  the 
electrical  performance  evaluation  of  the  three  samples  fabricated  in  the 
third  phase.  This  evaluation  included  both  electrical  and  thermal  tests, 
as  well  as  the  associated  failure  analysis.  Detailed  information  on  each 
phase  is  given  in  the  following  paragraphs. 

The  Wet  Orientation  Directed  Etching  (WODE)  study  investigates  the 
suitability  of  two  silicon  orientations  [(100)  and  (110)],  and  the  per¬ 
formance  of  three  chemical  etchants  known  for  their  anisotropic  etch 
characteristics: 

1.  potassium  hydroxide  in  deionized  water  (DIW) , 

2.  potassium  hydroxide  in  DIW  with  an  iso-propyl  alcohol  buffering 
reagent ,  and 

3.  ethylenediamine  in  DIW  buffered  with  pyrocatechol . 

This  last  etchant  will  henceforth  be  referred  to  as  the  PED  etch.  The 
performance  characteristics  of  each  etchant  were  investigated  relative  to 
the  two  silicon  orientations.  The  parameters  of  interest  included  the 
etch  rates  of  the  silicon  and  silicon  dioxide,  the  degree  of  anisotropy, 
the  physical  condition  of  the  wells  after  etching,  and  the  resulting 
shape  of  the  wells  compared  to  the  initial  masked  pattern. 

The  Die  Attach  Adhesive  (DAA)  study  investigates  the  suitability  of 
several  standard  hybrid  die  attach  adhesives  to  attach  the  circuit  die  to 
the  bottom  of  the  wells  fabricated  in  the  WODE  study.  Three  gold 
eutectic  materials  (gold  germanium,  gold  tin,  and  gold  silicon)  were 
evaluated,  as  well  as  several  organic  adhesives  ( s i 1 ver - f i 1  led ,  single¬ 
component  epoxies,  a  multicomponent  epoxy,  and  a  s il ver - f i 1  led  glass). 
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Each  adhesive  was  applied  in  a  manner  consistent  with  its  particular  J 

t 

application  instructions.  An  initial  "pop  off”  test  was  applied  to  reject 
any  of  the  adhesives  which  could  not  withstand  the  prying  force  of 
approximately  150  grams.  The  remaining  adhesives  were  examined  (after 
application  and  cure)  via  cross-sectional  dissection  with  a  scanning 
electron  microscope.  The  frequency  and  size  of  voids  was  established  as 
the  critical  criteria  for  further  rejection  of  additional  adhesives.  An 
optimal  adhesive  is  recommended  and  was  used  throughout  the  continuance 
of  this  investigation. 

After  a  suitable  wet  etching  method  and  die  bond  adhesive  was 
identified,  the  preparation  of  final  samples  for  evaluation  was 
initiated.  Quartered  3  inch  silicon  wafers  (18  mils  thick)  with  a  3x2 
array  of  200  mil-square  wells  were  etched  to  depths  of  approximately 
9.6-9. 7  mils.  Square  die  (197  mils  and  8.7  mils  thick)  were  mounted  into 
the  wells  using  the  adhesive  identified  in  the  DAA  study.  The  technique 
used  to  align  the  top  surfaces  of  the  support  substrate  and  the  die 
involved  the  use  of  a  two  inch  square  glass  flat  (a  de-emulsif ied 
photolithography  mask)  and  a  100  gram  weight.  After  the  die  were 
positioned  in  the  wells,  the  glass  flat  was  placed  over  the  substrate, 
and  the  sample  was  positioned  on  the  hotplate  to  cure  the  adhesive.  The 
weight  was  then  positioned  on  top  of  the  glass  flat  to  minimize  anv  shift 
of  the  die.  The  effects  of  candidate  processing  temperatures  on  the 
stability  of  the  adhesive,  and  the  effect  on  the  movement  of  the  die  fn.it 
of  position  was  studied  with  temperatures  ot  100,  125,  150,  175.  200,  ind 
350  degrees  Cels'us. 

Next,  a  candidate  conformal  material  (Master  Bond  EP-34CA  Special) 
and  method  of  application  for  filling  the  "gap"  surrounding  the 
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integrated  circuit  die  was  investigated.  This  gap  typically  spans  3-30 
mils,  depending  on  the  substrate's  crystallographic  orientation  and 
etching.  In  order  to  be  able  to  interconnect  the  die  with  metallic 
conductors,  the  gap  region  needs  to  be  filled  with  an  electrically 
insulating  material.  In  addition,  a  photosensitive  polyimide  (Merck 
Selectilux,  HTR  3-200)  was  applied  to  the  top  surfaces  of  the  support 
substrate,  gap  area,  and  the  mounted  die  to  provide  inter-level  electri¬ 
cal  isolation  for  subsequent  levels  of  metallization.  Cross-section1! 
Scanning  Electron  Microscope  (SEM)  micrographs  revealed  the  polyimide 's 
capability  for  providing  a  high  degree  of  planarization.  An  experiment 
was  performed  to  determine  an  optimum  via  exposure  method.  Sloping  via 
walls  were  sought  to  ensure  that  the  top  level  metallization  patterns  had 
a  smooth  transition  into  the  vias  and  onto  the  bonding  pads  to  realize  a 
reliable  electrical  contact.  Proximity  printing  techniques  provided  a 
means  to  obtain  smooth  transitions.  Four  proximity  separations  were 
investigated:  0,  14 ,  26,  and  40  mils.  For  each  proximity  separation, 
test  samples  were  fabricated,  vias  were  etched,  and  the  sample  was 
subsequently  metallized.  After  the  metal  was  patterned  into  individual 
conductors,  each  via  was  tested  for  electrical  continuity  to  the 
underlying  aluminum  pad.  A  simple  statistical  analysis  of  the  results 
revealed  the  opcimal  proximity  printing  separation. 

Standard  metallization  techniques  were  used  to  provide  the  electri¬ 
cal  interconnections  on  the  top  surface  of  the  samples.  An  experiment  was 
conducted  to  determine  whether  using  positive  versus  negative  photoresist 
facilitates  the  aluminum  etch.  The  effect  of  annealing  the  aluminum  was 
also  investigated.  For  the  preparation  of  final  samples,  aluminum  was 
evaporated  to  thicknesses  of  approximately  2.2  microns,  annealed. 
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patterned  with  positive  photoresist,  and  etched  in  a  high - reso 1 ut i on 
aluminum  etchant. 

Using  the  samples  prepared  in  the  prior  phase,  electrical,  therm. il  . 
and  failure  analyses  were  conducted.  Each  sample  possessed  eigh;<>i. 
circuits;  three  on  each  die,  and  six  die  in  each  wafer  substrate  Each 
test  circuit  consisted  of  two  bonding  pads  and  conductors,  two  conductor 
transitioning  the  gaps  on  either  side  of  the  die,  two  vias.  and  the  it  eta 
conductor  on  the  die’s  surface.  These  portions  of  the  samples  are 
illustrated  in  Figure  1-1.  Initially,  several  premature  failures  we  tv 
identified.  The  surviving  functional  devices  were  subjected  to  bO-hour 
mean- 1 ime - to  -  fa i lure  (MTTF)  electrical  tests  at  room  temperature  and  lad 
degrees  Celsius.  Current  was  pulsed  through  each  circuit  at  a  1  kilt,  rate 
with  a  peak  current  of  approximately  50  mi  1 1  i  amperes  .  Digital  counters 
were  used  to  determine  the  exact  time  of  a  circuit's  failure.  Thermal 
tests  were  conducted  to  determine  the  effects  of  hear  on  the  samples.  In 
the  first  thermal  test,  one  of  the  samples  was  placed  on  a  lb 0  degrees 
Celsius  hot  plate  to  observe  the  effect  of  a  rapid  heating  on  the 
polvimide  insulator  laver  and  the  aluminum  interconnects.  In  the  second 
thermal  test,  another  sample  was  heated  from  175  degrees  to  350  degrees 
Celsius  in  25  degree  Celsius  increments  to  observe  the  effects  of  a 
gradual  heating  program.  Finally,  that  same  wafer  was  allowed  to  remain 
at  350  degrees  Celsius  for  16  hours  to  determine  the  effects  of  extended 
exposure  to  a  relatively  high  temperature.  After  the  thermal  tests,  each 
failed  circuit  was  probed  to  determine  the  exact  location  of  its  failure 
The  location  of  each  failure  was  then  identified  and  documented  with  SF.'-l 


photography . 


Figure  1-1.  Cross-sectional  and  Top  Views  of  the  Die  in  Well. 

The  terms  used  in  the  Scope  section  of  Chapter  1  are  illustrated. 


An  analysis  of  the  advantages  and  disadvantages  of  the  materials  aiu 
techniques  used  in  this  initial  HWSI  studv  motivated  several  conclusions 
and  recommendations  concerning  follow-on  work,  which  are  presented  in  tin 
final  sections  of  this  paper. 

Approach 

This  research  project  represents  a  pioneering  effort  at  the  Air 
Force  Institute  of  Technology  to  accomplish  hybrid  wafer  scale  integra¬ 
tion.  Although  the  scope  of  this  work  included  the  actual  fabrication 
and  performance  evaluation  of  samples,  the  primary  focus  of  interest  was 
to  concentrate  on  the  wet  anisotropic  etching  of  the  well  structures  and 
the  identification  of  the  optimal  die  attach  adhesive.  The  knowledge 
gained  in  these  two  major  studies  will  establish  the  foundation  for 
future  research.  The  fabrication  and  performance  evaluation  of  samples 
facilitated  the  operational  evaluation  of  the  choices  made  in  the  WODH 
and  DAA  studies,  as  well  as  the  determination  of  the  recommended  proce¬ 
dures  for  follow-on  research. 


Sequence  of  Presentation 

This  thesis  report  is  divided  into  five  chapters,  the  first  being 
this  Introduction.  Following  the  Introduction,  a  chapter  titled 
"Background"  is  provided  to  acquaint  the  reader  with  detailed  background 
information  concerning  the  characteristics  of  hybrid  wafer  scale  inte¬ 
gration  and  the  materials  evaluated  in  the  study.  First,  a  review  of  tin 
advantages  of  a  hybrid  approach  to  wafer  scale  integration  is  given, 
followed  by  a  brief  review  of  two  HWSI  approaches  currently  being 
researched.  Second,  the  etch  characteristics  of  two  silicon  crystal 
orientations  and  three  anisotropic  etchants  are  reviewed.  Third,  the 


characteristics  of  the  die  attach  adhesives  used  in  the  DAA  studv  art- 


examined.  Fourth,  a  discussion  is  presented  of  the  suitable  character¬ 


istics  of  photosensitive  polyimides  for  use  in  the  project  as  a  planar¬ 


izing,  inter-metal,  insulating  layer. 


The  third  chapter  is  titled  "Experimental  Procedure".  This  chapter 


provides  the  details  of  the  materials,  equipment,  and  procedures  imple¬ 


mented  to  realize  hybrid  wafer  scale  integration.  Subsections  explain  tl 


experiments  used  to  select  the  optimal  silicon  crystal  orientation  and 


etchant  for  the  HWSI  process,  identification  of  the  optimal  die  attach 


adhesive,  preparation  of  the  final  samples,  and  the  electrical  and  ther¬ 


mal  evaluation  of  the  samples. 


The  fourth  chapter  is  titled  "Results".  In  this  chapter,  the 


results  of  the  experiments  are  presented  and  analyzed. 


The  final  chapter  is  titled  "Conclusions  and  Recommendations".  It 


presents  conclusions  drawn  from  the  results  of  the  experimental  proce¬ 


dures.  Recommendations  for  further  research  are  also  given. 
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1 1  .  Background 


This  chapter  provides  background  information  on  wafer  scale  inte¬ 
gration  and  two  current  hybrid  wafer  scale  integration  projects.  Since 
this  project's  approach  relies  on  anisotropic  etching  cf  silicon,  a  dis¬ 
cussion  concerning  crystal  structure  and  direction  oriented  etching  is 
provided.  Further,  information  on  the  die  attach  adhesives  utilized  is 
provided,  as  well  as  a  discussion  of  the  need  for  a  polyimide  inter-meta" 
insulator  layer. 


Wafer  Scale  Integration . 

Microcircuit  technology  has  been  rapidly  advancing  towards  increas¬ 
ing  circuit  complexity,  short  access  times,  and  fast  clock  rates,  along 
with  smaller  device  geometries  and  lower  power  requirements  (8:509). 
Consequently,  there  has  been  increased  research  in  microelectronic 
packaging  to  match  the  performance  improvements  on  the  chip  level.  One 
area  of  current  research  interest  is  Wafer  Scale  Integration  (WSI).  The 
goal  of  WSI  is  to  integrate  a  number  of  VLSI  and  VHSIC  die  either  in  or 
on  a  silicon  wafer  to  realize  the  revolutionary  integrated  circuits. 
Monolithic  WSI  uses  redundant  copies  of  a  certain  chip  function  inte¬ 
grated  (using  industry  standard  fabrication  means)  into  a  wafer.  Instead 
of  the  wafer  being  diced  into  discrete  chips,  the  entire,  wafer  is  further 
processed.  Non- functional  areas  on  the  wafer  are  identified  through 
e’ectrical  test.  Next,  using  computer  aided  design  (CAD)  tools,  a  dis¬ 
cretionary  wiring  scheme  is  generated  that  avoids  these  areas.  Using 
multilevel  metallization  techniques,  functional  circuits  on  the  wafer  are 
interconnected.  Using  this  technique,  large  parallel  processor  computers 


with  large  memory  areas  or  large  signal  processing  systems  can  he  inte¬ 
grated  onto  a  single  wafer,  thus  saving  power,  delay  between  circuits, 
and  packaging  costs  (8:510,  9:38-39). 

In  Hybrid  Wafer  Scale  Integration  (HWSI),  electrically  tested  VLSI 
or  VHSIC  integrated  circuit  die  are  close-mounted  utilizing  several 
schemes  and  interconnected  to  achieve  a  greatly  enhanced  system  perform¬ 
ance  as  in  WSI  (3:845,  6:28).  Various  types  of  MOS  and  bipolar  circuits 
may  be  combined  using  a  wafer  scale  package  that  synergisticallv  accomo¬ 
dates  the  flexibility  and  reliability  of  hybrid  integrated  circuits  (1C) 
with  the  closepacking  advantage  of  the  WSI  approach.  In  silicon- on- s i 1 i - 
con  hybrid  wafer  scale  integration,  the  silicon  substrate  which  carries 
interconnects  fabricated  with  well  established  IC- process ing  techniques, 
can  readily  accomodate  10-to-25  micron  wide  conductors,  compared  with  the 
3-mil  conductors  of  the  most  advanced  PC  boards  or  ceramic  hybrids 
(1:4/).  This  conductor  scaling  feature  helps  reduce  the  area  of  a  cir¬ 
cuit  to  as  little  as  one  tenth  of  what  it  would  be  on  standard  printed 
circuit  boards  or  hybrids  (1:47)  With  its  short  wiring  runs,  the  silicon 
substrate  reduces  parasitic  inductance  and  capacitance  by  a  factor  of  a! 
least  five  (1:47).  With  lower  impedances,  the  performance  of  the  system 
is  enhanced.  Another  advantage  of  a  s i 1  icon- on- s i 1 icon  HWSI  approach  is 
that  the  thermal  coefficient  of  expansion  of  the  substrate  matches  that 
of  the  integrated  circuit,  compared  to  the  s i 1  icon  -  to  -  alumina  mismatch  in 
a  conventional  ceramic  hybrid  (1:47).  This  feature  results  in  a  higher 
packaging  reliability,  and  thus ,  longer  circuit  life  (1:47). 

Two  Addi t i ona 1  Approaches  to  S i 1 i con- On -Si  1  icon  HWS 1  . 

Two  s i 1 icon  -  on - s i 1 i con  HWSI  approaches  were  found  in  the  lit  era! un 
A  synopsis  of  the  two  projects  is  presented  below. 


Auburn  Uni  vers  i  tv  HWS_I.  The  technique  investigated  by  Auburn 
University  and  sponsored  by  the  Semiconductor  Research  Corporation  is 
very  similar  to  this  thesis  annroach,  with  one  notable  difference 
0:845-851).  The  goal  is  the  same:  to  mount  discrete  VLSI  die  coplanar 
with  a  support  substrate  containing  interconnect  circuitry.  The 
technique  has  wells  anisotropical lv  etched  into  silicon  (100)  orientation 
wafers,  and  these  wells  are  etched  completely  through  to  the  backside. 

The  die  are  placed  into  the  wells  with  their  top  surfaces  facing 
downward.  Thus,  the  top  surfaces  of  the  die  are  aligned  coplanar  with  the 
"backside"  of  the  etched  substrate.  The  etched  wells  are  preplanned  in 
site  such  that  the  gap  surrounding  the  die's  top  surface  is  minimized  (to 
within  a  few  mils).  Once  the  die  are  freelv  mounted  with  an  epoxy 
applied  from  the  top  surface,  the  substrate  is  flipped  over  and  the 
former  backside  becomes  the  top  surface  for  continued  processing.  A 
dielectric  polvimide  coating  is  spun-on  arid  cured.  Multilevel  electrical 
interconnections  are  now  possible  (3:845-851). 

Gene ra 1  K 1 e c t r i c  HWS I  Approach .  In  work  sponsored  bv  the  United 
States  Air  Force,  the  General  Electric  Company  has  produced  working 
prototypes  of  a  hybrid  wafer  scale  integration  process  known  as  the  High 
Density  Interconnect  Hybrid  Assembly  (,8:51<>).  The  GF.  approach  is  a 
s i I  icon  -  on - s i 1 i con  hybrid  technology  where  fully  tested  integrated 
circuits  are  bonded  to  a  flat,  polished  polysilicon  substrate  (alumina 
substrates  have  also  been  investigated).  A  "frame",  made  from  a 
proprietary  material,  Is  prepared  bv  accurately  cutting  wells  to  match 
the  location  of  the  die  bonded  to  the  .substrate.  The  frame  is  then 
bonded  to  the  substrate.  Since  the  IC  die  are  hack-etched  to  a  unitorn 
thickness  matching  the  thickness  of  the  frame-,  the  die's  top-surfaces  us 


planar  wich  the  top-surface  of  the  frame.  A  polvimide  overlay  laver  is 


applied  to  provide  a  planarizing,  dielectric  coating  upon  which  the 
copper  metal  interconnects  are  made  through  vias.  A  second  overlay  lavei 
can  then  be  applied  giving  the  assembly  a  high  interconnect  density 
(8:511) . 


Silicon  Wafer  Etching 

The  first  step  in  this  HWS1  investigation  was  to  determine  the  most 
suitable  silicon  crystal  orientation  and  anisotropic  etchant  for  etchim 
the  wells  into  which  the  disciete  integrated  circuit  die  were  bonded. 
Therefore,  background  information  on  'die  si  1  icon  wafers,  otdwits  and, 
the  predicted  etching  results  is  presented  in  the  next  section.  The  st  u, 
which  investigates  chemically  etching  large  dimensional  wells  in  a 
silicon  substrate  is  referred  to  in  this  report  as  the  Wet  Orient  at  i  or. 
Dependent  Etching  (WODE)  studv.  Wet  chemicals  were  used  for  the  etchim 
The  rates  at  which  the  chemicals  etch  in  a  given  crystallographic 
direction  in  the  silicon  lattice  are  dependent  on  the  direction  and  the 
specific  etchant  (13:1185).  Hence,  the  term  "Wet  Orientation  Dependent 
Etching"  is  given  to  the  process. 

Silicon  Wa f e rs ,  Background  information  is  provided  to  aid  the 
reader  in  understanding  the  phenomena  of  anisotropic  or  orientation 
dependent  etching.  The  discussion  begins  with  the  crystal  structure  of 
t  h  e  s  i  1  i  c  o  n  w  a  f  e  r  s  . 

Si  I  icon  Cry st a  1  Structure .  Silicon  (Si)  in  its  elemental  font 
belongs  to  the  cubic  class  of  crystals.  When  processed  into  the  simple 
crystal  form,  it  has  the  diamond  crystal  lattice.  The  diamond  lattice 
consists  of  two  interpenetrating  face  -  centered  cubic  (f.c.c.) 
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sublattices,  with  a  corner  atom  of  the  second  sublattice  located  at  one 


fourth  of  the  distance  along  an  internal  diagonal  of  the  first 
sublattice  (10:3).  The  diamond  lattice  is  illustrated  in  Figure  2-1. 
Directions  in  crystals  belonging  to  the  cubic  class,  such  as  silicon, 
can  be  conveniently  described  by  the  Miller  ind( x  notation  system.  With 
respect  to  the  rectangular  (cartesian)  coordinate  system,  any  plane  in 
space  can  be  described  by  the  equation  (10:8): 

x  v  z 

-  +  -  +  -  =  1  (2-1) 

a  b  c 

where  a,  b,  and  c  represent  the  intercepts  made  by  the  plane  on  the  x.  y, 
and  z  axes,  respectively.  Writing  h,  k,  and  1  as  the  corresponding 
reciprocals  of  a,  b,  and  c,  the  equation  of  the  plane  can  be  equivalently 
expressed  as  (10:8): 

hx  +  ky  +  lz  =  1  (2-2) 

In  the  Miller  index  notation,  any  plane  (cartesian  coordinate 
system)  can  be  expressed  as  (hkl).  Integral  values  of  h,  k,  and  1  are 
chosen  (by  convention)  and  expressed  as  multiples  of  the  unit  cell's 
crystal  lattice  constant  (10:8).  Typically,  the  physical  and  electronic 
characteristics  of  a  whole  series  of  equivalent  planes  within  a  mater¬ 
ial's  crystal  structure  are  identical,  and  thus,  this  entire  family  of 
planes  can  be  expressed  as  (hkl).  Directions  can  also  be  expressed  by 
Miller  notation.  A  singular  direction  within  a  plane  can  be  expressed  as 
[hkl]  and  a  family  of  equivalent  directions  as  <hkl>.  In  both  cases, 
these  directions  are  normal  to  the  corresponding  plane  (hkl)  or  the 
family  of  planes  {hkl}  in  the  cubic  class  of  lattices. 


2-3 


7? 


3 


7H 


i 

A 


£ 

1 


% 


W*( 


wr 

V 

I  V 


Figure  2-1.  The  Diamond  Lattice  Structure  i!0:7) 
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Planes  within  the  silicon  crystal  structure  (diamond  lattice)  can  be 
easily  identified  using  the  Miller  index  notation.  The  families  of 
planes  which  are  most  commonly  referred  to  in  silicon  are  the  (100), 

I  I '  > ;  ,  and  111)  planes.  These  families  of  planes  are  commonly  refer¬ 
enced  bv  the  (100),  (110),  and  (111)  single  plane  notation.  In  this 

report,  the  different  crystal  planes  in  the  silicon  materials  used  will 
he  referred  to  bv  the  (hkl)  notation.  For  example,  (100)  silicon  wafers 
are  used.  The  (100)  designation  refers  to  the  plane  of  the  polished 
surface  of  the  wafer;  the  plane  corresponding  to  this  polished  surface  is 
actually  one  of  the  ilOO)  family  of  planes.  The  three  common  processing 
planes  for  silicon  are  shown  in  Figure  2-2. 

Orientation  Effects .  Crystalline  silicon  has  different 
physical  and  electrical  characteristics  with  differing  orientations  due 
to  the  spacing  of  atoms  in  the  lattice.  These  characteristics  are  dis¬ 
cussed  below. 

(100)  Orientation .  High-quality  Si  wafers  of  (100) 
orientation,  accurately  oriented  to  within  +1  degree  of  their  crystal 
axes,  are  commercially  available  in  a  wide  range  of  diameters,  thick¬ 
nesses,  surface  finishes,  dopant  types,  and  resistivities  (12:1179). 

Norma  1  1  v .  the  primary  flat  on  a  (100)  wafer  is  one  of  the  (110)  planes. 
Therefore,  scribing  or  etching  along  directions  perpendicular  or  parallel 
to  the  flat  coincide  with  the  location  of  the  (111)  planes.  Scribing  or 
etching  along  these  directions  are  found  to  be  very  smooth,  but  have  the 
tendency  to  form  an  angle  of  54-55  degrees  with  respect  to  the  surface. 
Details  of  why  this  occurs  are  given  in  Appendix  A.  When  viewing  the 
silicon  lattice  in  tin-  <100>  directions,  it  is  observed  that  the  density 
of  atoms  is  less  than  in  the  < 1 1 1 >  direction,  but  much  more  than  in  the 
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Further,  the  closest  packing  of  atoms  (shortest  dis¬ 


tance  between  planes)  is  observed  in  the  <11 1>  direction.  The  <100> 
direction  has  the  second  highest  density,  and  the  <110>  direction  has  the 
smallest  density.  As  a  result,  the  following  facts  are  observed  in 
silicon  growth  and  etching:  the  (111!  planes  grow  and  etch  slowest 
because  of  their  high  atomic  density,  the  (100)  planes  grow  and  etch  much 
faster,  and  the  (110)  planes  grow  and  etch  the  fastest. 

The  effects  of  anisotropically  etching  (100)  silicon  are  shown  in 
Figure  2-3.  The  square  oxide  window  produces  a  rectangular  shape  as  the 
etchant  finds  the  nearest  (111)  plane  and  begins  to  etch  laterally.  The 
sidewalls  theoretically  form  at  an  angle  of  54.74  degrees  (with  respect 
to  the  top  surface)  (10:11).  If  the  mask  is  properly  aligned,  such  that 
the  rectangular  shapes  on  the  mask  (for  example,  the  well  shapes  used  in 
this  study)  are  parallel  to  within  one  degree  of  the  wafer  flat, 
straight,  rectangular  shapes  are  formed  (12:1180). 

(110)  Orientation.  As  discussed  above,  the  (110)  planes 
have  the  largest  distance  between  planes  and  the  smallest  density  of 
atoms  per  unit  area.  Thus,  the  (110)  planes  etch  the  fastest  of  the 
three  primary  orientations.  Furthermore,  wafers  with  the  (110) 
orientation  are  often  of  questionable  quality  and  are  not  readily 
available  due  to  their  limited  use  in  industry  (12:1179).  The  primary 
flat  is  typically  one  of  the  (111)  planes. 

The  effects  of  anisotropically  etching  relatively  shallow  depths 
into  (110)  silicon  are  shown  in  Figure  2-4.  While  a  square  oxide  mask 
window  produces  straight  vertical  sidewalls  (as  viewed  cross -sect iona 1 lv 
in  Figure  2-4),  the  shape  generated  in  the  silicon  is  actually  a  rhomboid 
form.  The  sidewalls  adjacent  to  those  which  form  perpendicular  to  the 
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plane  of  the  wafer,  form  sidewalls  which  are  not  perpendicular.  Rather. 


the  sidewalls  form  at  an  angle  of  V'-  degrees  with  respect  to  the  surfuc. 
plane  of  the  water.  These  results  are  presented  hv  Bean  (l.):117t|i  and  ,.r< 
from  mask  patterns  with  the  dimensions  on  the  order  of  1-.’  square  mils 
and.  chemical!'.'  etched  to  depths  of  '  1-1.0  mils  (1  mil  do.  *  microns  ■ 

!n  contrast  .  this  W<  >DK  s  t  udv  investigates  the  end  products  of  etching 
holes  on  the  order  of  ten  thousand  square  mils  and  ten  mils  deep. 

We  t  An i sot rop i c  Kt chs  Anisotropic  liquid  etchants  for  silicon  or. 
usuallv  alkaline  solutions  used  at  elevated  temperatures  (13:1180).  Tin 
two  principal  reactions  are  tin-  oxidation  of  the  silicon,  followed  hv  tin 
dissolution  of  the  hvdruted  silicon.  chelation  agents  can  he  used  to 
facilitate  the  dissolution  process  resulting,  in  uniform  and  controlled 
etching  (lu:28d).  A  chelation  agent  is  an  etchant  solution  additive  which 
acts  as  a  catalvst  for  breaking  the  silicon  bonds  which  aides  the  etching, 
process.  The  three  wet  etches  used  in  this  st  udv  are  discussed  in  tin 
following  sub  sec  t  i  oils  . 

Po  t  ass  i  urn  llvdrox  i  do  i  n  l)e  i  qi:  i  ;:ed  water  Kt  chant  .  Potassium 
hydroxide  ( KOH  >  in  deioni:t»-d  water  <  I)  IV  t  is  a  common!  v  used  anisotropic 
wet  etch.  Bean,  Keiula  1  i  ,  Let  .  <it:d  A  ir.iU'T  recommend  the  use  of  this 
etchant  with  (110)  oriented  silicon  i  1  :  1  1  84  ,  1  > :  1 9  >  -  1  '<8  ,  1  6  :  4  3  b  9  -  4  a  7  t  . 

17:1478-1483).  The  prescribed  compos  i '  i  on  is  1  grim  of  KOH  per  1 
milliliter  of  water.  Since  reagent  grade  KOH  is  approximately  8  i »  hv 
weight,  the  end  result  is  i  iii-gsie  wl.i.-h  is  approx  i  mat  e  1  v  *8*  hv  weigh' 
KOH.  Bean  r.port  .  ;  hat  ,  •  !..  w.  ;  g!  1 1  ,:i:-:'ur>  et  <-lies  •;  i  1  i  eon  up.  to  six 

hundred  times  faster  in  tin  1  ;  ■  •  d  i  i  a  ■  '  ;  .  ;  :  h.ui  in  the  •  1  1  1  •  d  i  r  ec  :  i .  m; 

when  accurat  e  1  v  'to  w  i  tl.it  ♦  d.  gr .  >  -.  .« 1  i  gi>ed  with  r.i.p.i' t  to  tin 

111)  p  1  atle  .  W*l  i  ■  h  is  ’  Vp  i  •  a  !  1  V  t  h.-  Wa!  i  I'  *  flat  Till  .  t  >  1 1  fat  .  of 


silicon  is  approximately  0.8  microns/minute  when  used  at  80  degrees 
Celsius  (13:1186).  The  etch  rate  of  silicon  dioxide,  which  is  the 


commonly  used  masking  material,  is  reported  to  be  30  Angstroms/minute 
when  used  at  80  degrees  Celsius  (13: 118 o). 

An  alternate  concentration  of  the  KOH  and  DIW  system  has  been 
reported  in  the  literature;  the  48%  by  weight  KOH  mixture  used  bv  Kendall 
(15:195).  This  etchant  has  been  used  to  etch  verv  narrow  grooves  for  a 
solar  cell  design  (15:195).  It  was  found  that  in  order  to  obtain  a  600:1 
etch  rate  preference  of  the  <11 0>  direction  compared  the  <11 1>  direction, 
the  mask  had  to  be  accurately  aligned  (+  0.2  degrees)  with  the  (111! 
plane.  If  accurate  alignment  is  not  achieved,  the  silicon  etches  at  a 
slower  rate  and  jagged  edges  are  formed.  Details  of  this  phenomena  an 
found  in  Kendall's  report  (15:195-197). 

A  proposed  stoichiometric  chemical  reaction  relationship  for  silicon 
in  the  KOH  and  DIW  solution  is  (17:344): 

Si  +  H20  +  2K0H  ->  K  Si03  +  2H  (3-3) 

The  literature  does  not  discuss  the  utility  of  the  KOH  and  DIW 
solution  as  the  etchant  for  (100)  silicon.  Therefore,  the  combination  of 
(100)  silicon  etched  by  KOH  in  DI  water  will  be  included  in  this  study. 

Buffered  Potass ium  Hydroxide  i n  De i onized  Water  Etchant .  The 
buffered  potassium  hydroxide  in  the  deionized  water  solution  is  a 
mixture  of  KOH,  deionized  water  (DIW),  and  isopropyl  alcohol  (IPA).  The 
alcohol  acts  as  a  complexing  or  chelating  agent:  which  aides  silicon 
dissolution  and  results  in  a  more  controlled  etch  of  both  the  silicon  and 
silicon  dioxide  mask  (16:4570).  The  term  "buffered  solution"  refers  to 
one  where  a  chelating  agent  is  present.  Since  three  chemicals  art-  pres<  tit 
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in  Che  solution,  numerous  component  variations  are  possible.  The 
concentration  of  KOH  in  deionized  water,  however,  determines  the 
alcohol's  solubility.  In  practice,  excess  alcohol  is  added  to  the  KOH 
and  DIW  mix.  Some  of  this  alcohol  dissolves  and  provides  the  chelating 
feature.  The  undissolved  alcohol  floats  on  top  of  the  etchant  and  forms 
a  two  layer  mixture. 

The  most  commonly  described  etchant  mixture  is  one  of  approximately 
20-25%  by  weight  KOH,  60%  by  weight  deionized  water,  and  15-20%  by  weight 
isopropyl  alcohol.  For  actual  mixing  volumes.  Bean  reports  a  solution 
composed  of  250  grams  KOH,  200  grams  of  alcohol,  and  800  grams  of 
deionized  water  (13:1186).  At  this  concentration,  Bean  obtained  etch 
rates  100  times  greater  in  the  <100>  direction  compared  to  the  < 1 1 1 > 
direction  when  the  oxide  mask  is  accurately  aligned  with  respect  to  the 
(111)  plane  (which  is  parallel  to  the  wafer's  primary  flat)  (13:1186). 

The  silicon  etching  rate  for  KOH  in  DIW  with  IPA  is  a  function  of 

the  concentration  of  KOH  in  solution  and  the  etchant  temperature.  Price's 

study  on  etching  with  the  KOH-DIW-IPA  solution  provides  excellent  data 

for  predicting  etch  rates  using  this  solution.  Figure  2-5  depicts  the 

predicted  etch  rate  as  a  function  of  the  KOH  concentration  with  the 

temperature  fixed  at  80  degrees  Celsius  (18:350).  Figure  2-6  shows  the 

effect  on  the  etch  rate  by  varying  the  etchant  temperature.  An  associated 

silicon  dioxide  (for  masking)  etch  rate  of  only  28  Angstroms/minut.e  is 

given  (independent  of  temperature) ( 13 : 1186) .  Price  also  reports  that  the 

boron  dopant  concentration  will  retard  the  etch  rate  for  concentrations 

1 8 

exceeding  10  boron  atoms  per  cubic  centimeter  (18:342).  Therefore,  care 
must  be  taken  to  select  wafer  stock  with  non-degenerate  doping  levels. 


Figure  2-5.  Silicon  Etch  Rate  Versus  Percentage  by  Weight  of  Potassium 
Hydroxide  in  Deionized  Water  With  Isopropyl  Alcohol  (18:350). 


A  postulated  stoichiometric  reaction  relationship  for  silicon  in  t h 
KOH ,  DIW,  and  I  PA  solution  is  (18:344): 


Si  +  H20  +  2K0H  ->  K2Si03  +  2H2  . 


(2-4 ) 


Just  as  (100)  silicon  and  the  KOH-DIW  etchant  is  not  linked  in  the 
literature,  neither  are  (110)  silicon  and  the  buffereu  KOH  in  water 
etchant.  Therefore,  it  was  also  identified  to  be  included  in  the  WODE 


study 


Pvrocatechol  Ethvlene diamine 


in  Deionized  Water  Etchant 


The  PED  etch  in  water  is  a  mixture  of  e thylenediamine  (ED)  in  deionized 
water  with  pyrocatechol  (P)  added  to  act  as  a  chelating  agent  (17:965). 
Finne  and  Klein  studied  the  etching  characteristics  of  this  etchant  on 
both  (100)  and  (110)  silicon  (17:965).  Again,  this  etchant  was  found  to 
have  a  marked  preference  to  etch  the  <100>  and  <110>  directions  compared 
to  the  <1 1 1>  direction.  Thus,  the  etch  rates  in  both  (100)  and  (110) 
silicon  are  quite  high.  In  contrast,  the  etch  rates  of  the  silicon 
dioxide  mask  are  very  low. 

Bean  reports  an  etch  rate  of  1.1  microns/minute  for  (100)  silicon  a: 
100  degrees  Celsius,  and  an  oxide  etch  rate  of  8  Angstroms/minute 
(13:1186).  Bean  also  reports  an  etch  rate  of  0.8  microns/minute  for  (110 
silicon,  and  a  corresponding  oxide  rate  of  30  Angstroms/minute  (13:1186). 

The  chemical  reaction  in  the  PED  etch  is  more  complex  than  that 
associated  with  the  KOH  etches.  Finne  and  Klein  postulate  the  following 
reaction  (17:967): 


2NH2(CH2)2NH2  +  Si  +  306H4(0H)2  -->  2NH  (CH^NHj  + 

!  Si (C  H^O?  )  j  1  *  2 H 2  .  (  7  -  1 i 


m 


The  concentrations  evaluated  bv  Finne  and  Klein  have  been  used 
frequently  in  other  etching  studies  (  1.’ :  1  L/8- 1183,  13:1183-  1193).  Thi  s 
concentrations  are  61.2*  bv  weight  DI  water,  33.1%  bv  weight  ethylene-  - 
diamine  (F.D),  and  3.7%  bv  weight  pvrocatechol  (P).  In  working  measure 
this  equates  to  multiples  of  8  milliliters  DIW,  17  milliliters  HD,  and 
grams  of  P.  These  rates  formed  the  basis  for  preparing  the  solutions  u 
in  the  '.CODE  studv. 

Having  reviewed  the  theory  which  forms  the  basis  for  the  '.CODE  stu 
the  focus  is  shifted  to  the  candidate  die  attach  adhesives. 

Die  Bond  Adhes ives . 

Critical  to  the  success  of  the  Wafer  Scale  Integration  process  is 
the  choice  of  an  appropriate  die  attach  material.  For  this  Hybrid  '.Cafe 
Scale  Integration  process,  the  adhesive  must  he  capable  of  maintaining 
stable,  homogeneous  bond  between  the  silicon  substrate  and  the  silicon 
die.  There  are  several  die  bond  adhesives  commercially  available  that 
appropriate  for  consideration  in  this  study.  A  survey  of  these  adhes i 
is  presented. 

Gold  F.utec t  ic  Mater  i a  1  s  .  Gold  eutectic  materials  were  used  as  an 
initial  die  bond  adhesive  and  still  retain  a  prominent  position  in  the 
integrated  circuit  manufacturing  industry  (19:35).  Their  advantages 
include  the  fact  that  eutectic  materials  (for  example,  go] d - german i urn , 
gold  -  si 1  icon ,  and  gold-tin  alloys)  quickly  solidify  when  reduced  below 
their  melt  temperature  and  form  a  funct  ioning  bond  possessing  excel  loti 
electrical  and  boat  conductivity  characteristics  (20:1).  Eutectic 
materials  have  the  advantage  compared  to  the  new  generation  of  organic 
and  inorganic  die  adhesives  in  that  tlu-v  can  be  easily  reworked  or 
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repaired,  do  not  outgas  at  elevated  temperatures,  and  do  not  retain 


moisture  (thus,  minimizing  many  reliability  problems)  (19:35-36).  For 
these  reasons,  gold  eutectic  materials  have  served  as  the  standard  die 
bonding  materials  for  hybrid  and  military  standard  (Mil-standard) 
integrated  circuits. 

Recently,  however,  the  rising  expense  associated  with  gold  eutectic 
materials,  has  motivated  the  search  for  alternate  candidates  (19:35). 
Additionally,  there  are  other  technical  reasons  why  they  have  declined  in 
their  popularity.  Specifically,  these  eutectic  materials  are  not  reliable 
for  bonding  larger  chip  sizes  (greater  than  250  mils  on  a  side) .  The 
material  tends  to  bubble  and  leave  voids  (19:35-36,  21:42).  Naturally, 
this  characteristic  will  be  a  disadvantage  as  die  sizes  continue  to 
increase.  Gold  eutectic  materials  tend  to  produce  a  high  stress  bond  due 
to  the  differing  linear  thermal  coefficients  of  expansion  (T.C.E.). 
Silicon  fractures  form  when  exposed  to  repeated  thermal  cycles  and  these 
result  in  serious  reliability  problems  especially  with  respect  to  Very 
Large  Scale  Integrated  circuits  (VLSI)  (19:36). 

Epoxy  Based  Adhesives .  Organic  die  adhesives  are  becoming  more 
prominent  in  the  microelectronics  industry  (22:305).  Typically,  an 
organic  adhesive  means  an  epoxy  based  adhesive.  Three  types  of  epox> 
based  adhesives  are  used  in  the  Die  Attach  Adhesive  (DAA)  study  presented 
in  this  thesis.  Two  candidates  are  s ingle  -  component ,  silver- filled 
epoxies,  and  the  other  is  a  two-component  epoxy.  Generalized  background 
information  is  provided  for  each  of  these  epoxies  in  the  following 
subsections . 

Single -Component  S i 1 ver - Fi 1 1 ed  Epoxies .  Due  to  the  expense  of 
gold,  silver- fil led  epoxies  have  become  very  popular  in  recent  years 
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(23:38,  24:65).  They  are  solvencLess  blends  ot  silver,  an  i-poxv  ics  ii 
hardener,  and  a  catalyst.  Typically,  they  are  pre-mixed  in-  the 
manufacturer,  packaged,  and  frozen  (19:37).  Users  thaw  the  mixture  a: 
the  time  of  each  application.  The  shelf-life,  once  thawed,  is  approx¬ 
imately  1  to  5  days.  One  -  component  epoxies  have  an  advantage  because 
they  eliminate  the  mixing  errors  associated  with  two -component  epoxies 
Typically,  the  one  -  component  epoxies  use  "cleaner"  resins  than  the 
two  -  component  epoxies,  thus  eliminating  many  ionic  contamination  prob¬ 


V' 
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lems .  One  component  epoxies  have  a  strong  advantage  because  they  are 
solventless  and  tend  to  yield  void- free  bonds,  thus  increasing  thermal 
dissipation  and  reducing  stress  (19:37). 

Two  -  component  Epox i es .  Two  -  component  epoxies  or  multi -compo¬ 
nent  epoxies  are  so  named  because  they  need  to  be  mixed  to  precise  pro¬ 
portions  and  thoroughly  mixed  before  use.  In  general,  the  epoxy  is 
formed  by  the  reaction  of  epichlohydrin  with  phenols  (19:36).  Silver  can 
be  mixed  with  one  of  the  components  to  yield  a  conductive  bond  (25:200). 
Additional  compounds  can  be  added  to  obtain  desirable  physical  and 
electrical  characteristics.  For  instance,  Lithium  Beta  -  Encrypt i te  was 
added  to  the  two  -  component  epoxy  used  in  this  study  to  yield  an  epoxy 
that  matches  the  T.C.E.  of  silicon  (26). 

Inorganic  Die  Adhes ives .  Relatively  new  in  the  1C  industry  ar  the 
silver-glass  adhesives.  S i lver - glasses  offer  excellent  reliability, 
reduced  stress  (compared  to  the  gold  eutectic  materials)  and  lower  cost 


(19:37).  The  most  significant  disadvantage  associated  with  ‘tie  silver- 
glass  adhesive  is  its  process  cycle .  Since  the  adhesive  is  silver  in  a 
glass  matrix,  relativelv  high  processing  temperatures  are  needed  to  for 
a  bond.  This  high  temperature  requirement  (ait)  degrees  Celsius  is 
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typical)  will  make  this  adhesive  difficult  to  use  with  integrated 


circuits  and  other  materials  which  are  temperature  sensitive.  Despitt 
this  disadvantage,  users  predict  that  by  1990,  silver-glass  adhesives 
will  dominate  the  ceramic  dual -in- line  (CER-D1P)  packaging  which 
currently  utilizes  a  450  degree  Celsius  processing  temperature  (27:1). 
However,  it  is  questionable  whether  this  HWSI  process  can  tolerate  the 
need  for  such  high  processing  temperatures. 


Polvimides  as  Planarizing,  and  Insulating  Coatings . 

The  next  critical  step  after  bonding  the  die  into  the  well  struct¬ 
ures  is  to  coat  the  upper  surface  of  the  sample  with  a  planarizing  and 
insulating  material.  The  next  section  discusses  the  utility  of  polvimides 
to  fulfill  this  inter- level  planarization  and  insulative  function. 

Desired  Characteristics  of  the  Insulator  for  the  HWSI  Process.  To 
realize  the  needed  interconnections  between  the  integrated  circuit  die, 
inter- level  insulator  layers  must  be  utilized  between  the  metal  inter¬ 
connects  .  A  common  problem  in  every  wafer  scale  integration  scheme  is  to 
realize  a  reliable,  low- impedance  interconnect  scheme  between  regions  of 
the  wafer  (28:3128),  The  ideal  candidate  material  for  this 
function  should  possess  the  following  features  summarized  bv  Saxena  and 
Pramanik  (29:97): 

1.  a  good  insulating  material  with  low  pinhole  density  to  prevent 
shorting  between  metal  layers, 

2.  a  low  dielectric  constant  to  reduce  signal  delays, 

3.  a  high  modulus  of  elasticity  to  withstand  thermally  induced 
stresses  (due  to  different  thermal  coefficients  of  expansion 
(T.C.K.)  of  the  materials  used), 


4.  good  adhesion  to  other  processing  materials  (to  maintain 
monolithic  integrity) ,  and 

5.  a  low  reflow  temperature  to  facilitate  step  coverage  and 
planarization  without  thermally  damaging  the  previous  layers. 

For  this  hybrid  wafer  scale  integration  process,  all  of  the  above 
features  are  needed,  especially  a  planarization  capability.  Despite  the 
choice  of  a  particular  silicon  substrate  orientation  for  the  HWSI 
process,  it  is  expected  that  a  gap  larger  than  2  mils  (or  greater  than  50 
microns)  will  surround  the  die.  The  difference  or  delta  (see  Figure  2-7) 
between  the  planes  of  the  support  substrate  and  die  surfaces  can  be  on 
the  order  100  microns.  Therefore,  the  material  identified  as  the 
dielectric  and  insulator  between  the  layers  of  aluminum  interconnects, 
must  also  provide  a  smooth,  planar  surface  for  these  conductors. 

Advantages  of  Polvimide  With  Respect  to  Other  Insulators .  Compared 
to  the  other  commonly  used  insulating  materials  (silicon  dioxide  or 
silicon  nitride),  polyimide  coatings  provide  superior  results  for  meeting 
the  criteria  discussed  above.  Table  2-1  lists  features  of  each  material. 

The  cured  polyimide  is  found  to  have  the  lowest  dielectric  constant 
and  a  volume  resistivity  comparable  to  the  silicon  dioxide  and  silicon 
nitride.  The  thermal  coefficients  of  expansion  of  silicon  and  aluminum 
are  5  x  10  and  2.5  x  10  ^  (°  C)  \  respectively  (30:1).  Polyimide 
closely  matches  the  T.C.E.  of  aluminum.  Its  use  promises  minimal  stress 
due  to  T.C.E.  match.  Polyimide  also  purports  the  lowest  processing 
temperatures.  Since  the  future  goal  of  the  HWSI  process  is  to  mount  VLSI 
integrated  circuits,  a  low  processing  temperature  L  critical.  It  is 
important  that  the  subsequent  process  steps  do  not  change  the  operating 
characteristics  of  the  mounted  ICs. 


Physical  Data  of  Polvimide  a 
Used  for  Inter- level  Insulation 


Cured  Polyimide 


Dielec  trie 
Constant 

e 

3  .  5 

Volume 

Resistivity 

ohm -  cm 

2xlU16 

T. C . E. 

<°  c,-1 

2x10' 3 

Elasticity 

Modulus 

N/mm^ 

>  2xl03 

Tvpical 

Processing 

Temperature 

°  C 

250-930 

Film  Thickness 

microns 

1-80 

3-5x10 

'xii.r 


:hermal  >950 
CVD  >9 50 


0.1-1 


CVD=Chemical  Vapor  deposition 
LPCVD=Low  Pressure  CVD 
PACVD=Plasma  Assisted  CVD 

Polyimide  values  are  representative.  Specific  polyimide  values  are  f< 
Merck  Selectilux  HTR  3-200. 


Cured  polvimute  I  i  1  ms  spur.  .1  vid,  range  .>t  In  :  .ihl,- 
(0.5  to  80  microns i.  This  will  hr  highly  ..dvant  agt-ous  in  ...  i,i.  vi:;. 
sufficient  planarization.  In  general.  tlir  ah  i  1  i '  v  of  ..  di.  lectii.  ■ 
to  planarize  a  surface  is  a  function  of  its  thickness  th<  :  .  p.  :  : 

it  is  planarizing  <31:  .'68  >  .  Both  the  silicon  dioxide  and  silicon  i.it;  id. 

1  avers  are  restricted  to  thicknesses  1.  ss  than  a  few  microns  Tla  t  .  ; 
heights  potentially  planarized  bv  the  silicon  dioxide  an.d  si  1  icon  i  :  t  :  id. 
layers  are  also  limited  to  a  f  ew  microns.  In  contrast  .  p<>  1  v  i  mi  di  s  ..  .1 
successfully  spun-on  and  cured  to  thicknesses  of  over  Ho  microns  T!  : 
step  height  differences  on  the  same  order  of  magnitude  should  h. 
planarizable  (31:777).  Consequently,  the  utility  of  polvimide  will 
critical  to  the  success  of  this  research. 

Advantage  of  Photosensitive  Polvimides.  Recent  advances  have  he. n 
made  in  the  field  of  photosensitive  polvimides  (30:1;  32:<>O0).  It  is 
possible  through  the  use  of  these  polvimides,  to  reduce  the  number  <d 
processing  steps  for  forming  vias  in  the  inter-metal  insulating  lawr. 

The  difference  in  processing  is  illustrated  in  Figure  2-8.  Because  of 
these  advantages,  the  Merck  Selectilux  HTR  3-200  photosensitive  polvimid. 
was  chosen  for  the  inter-metal  insulator. 
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III.  Experimental  Procedures .  Equipment ,  and  Materials 

This  chapter  describes  the  experimental  procedures  used  to  accomp- 
;  .  :  sh  tins  research  project.  As  stated  in  the  Introduction  chapte  r .  ; 
research  is  divided  into  four  phases .  The  first  phase  is  a  wet  chemical 
etching  study  which  investigates  six  silicon  orientation  and  anisotropic 
etchant  combinations.  The  goal  of  this  study  was  to  determine  the 
optimal  combination  for  etching  the  well  structures  into  which  the 
discrete  die  are  mounted.  The  second  phase  of  the  research  was  a  studv 
of  eight  die  attach  adhesives  and  their  suitability  for  attaching 
discrete  die  into  the  wells.  The  third  phase  involved  the  actual  fabri¬ 
cation  of  final  samples.  Included  in  this  phase  were  several  experiments 
whose  purpose  was  to  identify  optimal  materials,  techniques,  and 
processing  temperatures  for  use  in  the  final  fabrication  procedure.  The 
three  final  samples  produced  in  the  third  phase  were  evaluated  in  the 
fourth  phase.  In  this  phase,  various  electrical  and  thermal  tests  were 
performed  to  test  the  durability  of  the  samples.  Fault  analysis  was 
conducted  on  the  circuits  which  failed. 

Many  materials  and  instruments  were  used  in  this  research  project. 
When  a  material  or  piece  of  equipment  is  initially  referenced,  vendor 
information  will  be  provided  Subsequent  references  to  that  same  item 
will  not  inc.ude  that  data.  Standard  laboratory  processes  used  in  this 
project  have  been  documented  in.  the  appet  dices  to  avoid  unnecessary 
detail  . 

Wet  Orientation  Directed  Etch  Studv 

Information  concerning  the  equipment,  materials,  and  the  procedures 


implemented  for  the  Wet  Orientation  Directed  Etching  (WODE)  study  are 
presented  in  the  next  section.  As  previously  stated,  the  goal  of  this 
study  was  to  investigate  the  suitability  of  six  silicon 


v.i  fer  -'ani  so  t  ropi  c  etchant  combinations  for  etching  "well?"  into  which 
discrete  die  can  be  mounted.  Two  orientations  of  silicon,  waters  wv  re¬ 
used  in  the  study:  (100)  with  both  light  p-  and  n-doping,  and  (110)  wi 
light  n-doping  (all  with  sheet  resistivities  of  approximately  30  ohms 
/square).  Three  etchants  were  used  in  the  study:  potassium  hydroxide 
(KOH)  in  deionized  water,  buffered  KOH  in  deionized  water  (isopropyl 
alcohol  as  the  buffer),  and  pvrocatechol  ethvlenediamine  (PED)  in 
deionized  w.-.ter.  The  combinations  of  silicon  materials  and  etchants  a 
summarized  in  a  matrix  in  Table  3-1. 

The  equipment  and  materials  used  for  the  WODE  study  are  not 
complex.  Likewise,  the  procedures  are  standard  processes  utilized  in 
the  integrated  circuit  industry  and  are  adaptable  to  the  equipment 
available  in  the  AFIT  Cooperative  Materials  and  Electronic  Processing 
Laboratory.  Photolithographv  masks  were  generated  for  preparing  the 
silicon  wafers  for  the  etch  process.  Oxidized  wafers  were  coated  with 
photoresist,  exposed  with  these  masks,  developed,  and  windows  in  the 
oxide  were  etched,  exposing  the  silicon  for  direction  oriented  etching 
A  description  of  the  procedure,  equipment,  and  materials  used  is 
discussed  below. 

Photolithographic  Masks .  In  order  to  etch  wells  into  the  surface 
the  support  substrate,  photolithography  masks  were  needed.  Appendix  B 
describes  the  design  equipment,  materials,  and  procedure  used  to  prepa 
the  masks.  The  mask  used  in  the  WODE  study  is  one  containing  a  2  x  3 
array  of  200  mil  by  200  mil  squares. 
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SILICON  SUBSTRATES 


KOH  in 
DIW 


Buffered 
KOH  in 
DIW 


PED  in 
DIW 


(100)  n-and  p-DOPED 

i  1 1 0  )  n- DOPED 

WODE  runs  *1  &  3 

WODE  runs  =2  6  L\> 

WODE  runs  *5.  7,  8,  6c  9 

WODE  run  =  ^* 

WODE  runs  =6  &  12 

WODE  run  =11 

KOH  =  potassium  hydroxide 
DIW  =  deionized  water 
PED  =  pyrocatechol  ethvlenediamine 
WODE  -  wet  orientation  dependent  etehim 
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Wafer  Preparation .  In  order  to  etch  precise  patterns  into  the 
silicon  wafers,  oxide  masks  were  formed  or,  the  surface  of  the  support 
substrates.  Appendix  C  describes  the  details  concerning  the  procedure 

used  to  form  these  masks. 

The  Etching  S  tudv .  The  following  section  describes  the  equipna:.:  . 
materials,  and  procedure  used  to  etch  the  wafers  in  the  WODE  study. 

Etching  Equipment  and  Materials .  The  equipment  used  to  etch 
the  samples  evaluated  in  the  WODE  study  is  summarized  below,  and  the 
critical  components  are  illustrated  in  Figure  3-1: 

1.  Stainless  steel  vessel  (10  inches  high  and  8  inches  in  diameter 
with  a  lid  which  supported  a  coiled,  stainless  steel  tube  to 
facilitate  the  passage  of  cooling  water.  The  cooling  water 
permits  the  lid  to  be  cooler  than  the  etchant,  and  thus,  etchar. 
in  a  vapor  form  condenses  and  flows  back  into  the  solution.  In 
subsequent  trials,  the  etchant  vessel  was  wrapped  in  foil  and 
cardboard  to  thermally  insulate  the  etchant. 

2.  Thermometer  with  1  degree  graduations  from  0  to  110  degrees 
Celsius . 


3.  Polypropylene  wafer  basket  (the  wafers  were  positioned 
vertically  for  the  etching  trials). 

4.  Hotplate  with  a  temperature  range  of  0  -  500  degrees  Celsius. 


5.  To  measure  well  depths,  a  WILD  optical  microscope  (Model  CHQ- 


WILD  Heergrugg.  Ltd.:  supplied  by  A.  Daigger  &  Co., 


Chicago,  IL)  with  magnification  levels  of  75x,  187x,  375x,  and 


750x  was  used. 
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The  materials  used  to  etch  the  wafers  are  summarized  below: 


1.  Wafers  prepared  according  to  the  procedure  described  in 

Appendix  C  having  the  pattern  described  in  the  Photol i thographic 

M a  sirs  section. 

1.  An  anisotropic  <  t  hart  .  this-  i-:  a:;:  s  w, 

a'  1:1  mixture  of  KOH  and  deionized  w.iter  •  L'lW  •  S  ir.ce  r«.- 
grade  KOH  is  approximate  lv  Si*  bv  we  i  r.h;  .  ".he  rtclur.:  is 
approximately  -o*  bv  weight  KOH  in  DIW. 

b)  A  23%  by  weight  KOH,  60%  bv  weight  DIW,  ar.d  17%  bv  weight 
isopropyl  alcohol  iIPA.7  solut  ior..  In  component  weights,  t  hi  • 
solution  was  mixed  wit:,  n  v.  -  1  p  1  e  s  ;•  f  .  g:  its  10"  H  .  7  pre- 
of  alcohol  and  8  -0  grams  of  deionized  w  i •  <  r 

c)  A  61.2%  bv  weight  Di*.  3t.i*  bv  weigh. t  e  th.v  ^en.cdi  ami  re  1  t. 
and  3.7%  by  weight  pyrocateehoi  (,P)  solution.  In  component 
weights,  this  equates  to  multiples  of  S  milliliters  DIW.  l~ 
milliliters  ED,  and  3  grams  of  P.  3.  Tap  water  used  for  the 
reflux  condenser  cover. 

The  Procedure .  The  following  procedure  was  used  to  etch  the 

wafers : 

1.  The  wafers  were  positioned  vertically  in  the  basket  and  confined 
bv  the  basket's  lid. 

2.  The  etchant  is  mixed  prior  to  use  and  allowed  to  stabilize  for 
2d  hours .  The  etchant  was  poured  ir.  the  etching  vessel  wh:  d,  , 
positioned  on  the  hotplate  and  elevated  to  t:.-.  desired 
temperature.  A  typical  volume  of  etchant  was  approx i mat  el v  I  :> 
1.2  liters. 
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3  The  wafers  were  immersed  in  the  etchant  and  the  duration  of 
immersion  was  recorded.  A  wafer  was  typically  removed  at  a 
pre-planned  period  of  time  (for  example,  every  20-60  minutes), 
'.slier,  all  the  wafers  were  removed,  or  when,  the  wafers  were 
dest  roved  (.for  example,  when  the  well  surfaces  etched  complete  i 
avav ) ,  the  run  was  terminated. 

a.  The  etched  features  were  inspected  with  the  optical  microscope 
at  magnifications  of  ~5X,  187X,  375X,  and  750X.  The  observation 
included  measuring  the  depth  of  the  wells  and  observing  the 
condition  of  the  bottom  of  the  wells.  The  measurement  of  the 
well’s  depth  was  accomplished  bv  focussing  on  the  top  plane  of 
the  support  substrate  and  noting  the  reading  on  the  microscope 
calibrated  focussing  knob.  After  focussing  on  the  well's  bottom 
plane  and  reading  the  corresponding  measurement,  the  difference 
between  the  initial  and  the  final  readings  yielded  the  well's 
depth.  (Care  must  be  taken  to  count  the  number  of  complete 
revolutions  of  the  focussing  knob,  since  each  revolution 
represents  100  microns.)  An  average  depth  was  determined  by 
sampling  the  depths  of  each  of  the  wells  at  different  locations 
(tvpical’.v  six  measurements).  The  well  depths  reported  are 
within  ±  3  macrons. 

The  results  of  the  study  are  presented  in  Chapter  IV.  The  data 
sheets  for  each  VODE  etch  trial  are  presented  in  Appendix  F. 

Die  At tach  Adhes ive  S tudv . 

The  following  section  provides  information  on  the  equipment, 
materials,  and  procedures  used  in  the  Die  Attach  Adhesive  (DAA)  study. 
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The  intent  of  this  study  was  to  investigate  the  bonding  properties  of 
several  commonly  used  die  attach  adhesives  for  attaching  the  integrate., 
circuit  die  into  the  etched  well  structures.  The  adhesive  properties  o: 
each  of  the  materials  evaluated  have  been  previous lv  i nvc s  t  i  r  a  t  >  d  a:  ! 
reported  by  the  respective  manufacturers,  and  thev  are  summ.i  r  i  tt  d  i 
Table  3  - 1 1  .  The  purpose  of  this  investigation  was  to  collect  addition:; 
information  concerning  the  suitability  of  these  adhesiv.s  for  bond::.,’ 
die  in  an  etched  well. 

The  Materials  Tested .  A  total  of  eight  adhesives  were  investigate:! 
in  the  DAA  study.  The  following  section  discusst s  each  of  them  in 
detail . 
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Gold  Eu tec  tic  Materials .  Three  gold  eutectic  allovs  were 
tested:  gold  silicon  (melting  temperature  370  degrees  Celsius  ,  gold 
germanium  (melting  temperature  356  degrees  Celsius',  and  gold  tin 
(melting  temperature  280  degrees  Celsius).  Each  alloy  was  ordered  it 
the  Indium  Corporation  of  America  tl’tica.  NY  in  the  form  of  squire 
preforms.  Each  preform  was  190  mils  square  and  1  5  mils  thick 

Single  Component  Epoxies .  Two  single  component  epoxies  wt  :• 
tested:  Amicon  C-990  (Am icon  Corporation.  Lexington.  MA ■  and  Dv:  ih>v 
SM-  200  (Dvnalov,  Inc.  Hanover.  N  ' )  Both  are  si  lver-  f  :  1  it  d  w 
adhesives  and  are  electrical  lv  conductive  Amicon  0  - (>:•••' 
filled  with  pure  silver,  and  it  has  a  low  ionic  contamination  level 
<  <  10  ppm).  This  material  is  solvent  less .  and  “hus  .  r  he  ;  ;  •  1  d 
voiding  is  minimized  (  33.3  7'.  As  a  soft,  smooth  t  hi  .  ;  .  *  »•  .  .' 

easy  to  apply.  The  cure  temperature  is  1  decrees  1  '•■Is: 

Dvnalov  SM-200  is  75  percent  pure  silver  f  i  1  led .  and  i  •  he  i 
ionic  contaminant  ion  level  (■'  10  ppir.  ■  The  vendor  did  n  ■*  ;  :  :  d«- 
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Table  3  - 1 1 .  Characteristics  of  the  Eight  Die  Attach  Adhesives 
Used  in  the  Die  Attach  Adhesive  Study . 


dhe  s i ve 


Max imum 

Processing  Adhesive  Resistivity  T.C.E. 

emperature  Form  - 

(degrees  (ohmcm)  T.C.E. 

Celsius ) 


adhes i ve 


silicon 


prefo  nit 
preform 
preform 


Am  i  c  o  n 
C  -  990 


tan  paste 


Dvnalov 

SM  •  T'  li'i 


■  i  *  r  pv*  ?>  1 6* 


Master  bo: d  I 

EP  ■  5  4 ‘".A  Spec  ill  123 


thick  2 -part  , 

black  paste  >10 


Quart 1  ;m 
Materials 
QM I  -  2410 


silver  paste 


■  .5x10' 


> 

5 

5 

> 

5 

> 

n 

1 

> 
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For  comparison,  the  Thermal  Coefficients  of  Expansion  of  silicon, 
sili  or,  dioxide.  and  aluminum  are  given  :  10:254)  : 
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information  indicating  the  volume  of  solvents  present  in  the  uncured 
epoxy,  and  it  is  not  clear  what  chemical  differences  exist  between  these 
two  single  component  epoxies.  Cure  temperature  of  the  Dynaloy  adhesive 

is  130  degrees  Celsius. 

Mul t icomponent  Epoxy.  One  multicomponent  epoxy  was  tested. 
Master  Bond  EP-34CA  Special  (Master  Bond  Inc.,  Teaneck,  N'J )  is  a  custom 
formulated,  two  -  component  epoxy  which  has  been  designed,  after  cure,  to 
match  the  thermal  coefficient  of  expansion  (T.C.E.)  of  silicon 
(2.5x10  ^/degree  Celsius) (26) .  Beta  Eucrvptite  was  added  by  the  vendor 
to  a  component  of  the  unmixed  epoxv  to  modify  its  natural  T.C.E. .  Beta 
Eucryptite  is  a  dielectric  lithium  aluminum  silicate  (26)  and  is 
electrically  nonconduc tive .  Master  Bond  EP-34CA  is  likewise 
electrically  nonconductive .  Component  A  is  mixed  with  component  B  in  a 
2:1  ratio  at  the  time  of  usage  and  cured  at  125  degrees  Celsius  for  one 
hour.  Outgassing  of  solvents  is  expected,  and  therefore,  shrinkage  will 
take  place. 

Silver  Glass .  One  inorganic  adhesive  was  tested,  a  silver 
glass,  (QMI-2419,  Quantum  Materials,  Inc.,  San  Diego,  CA)  filled  with 
67.6  percent  pure  silver  (electricallv  conductive)  and  considered  a  low 
ionic  contaminant  (<  lOppm)  adhesive.  The  vendor's  recommended 
processing  schedule  specifies  a  cure  at  a  maximum  temperature  of  435 
degrees  Celsius  for  approximately  7  minutes. 

Die  Attach  Adhesive  S tudv  Equipment .  Materials .  and  Procedure .  The 
following  section  describes  the  equipment,  materials,  and  procedure  used 
in  each  phase  of  the  DAA  study.  Since  there  were  three  different 
processes  used,  the  section  is  divided  into  three  corresponding 


sections:  eutectic  bonding,  epoxy  bonding,  and  silver  glass  bonding. 


Eutectic  Bonding  Equipment  and  Materials .  The  equipment 
utilizing  the  eutectic  bonding  procedure  is  summarized  below: 

1.  A  heat  block,  machined  bv  the  AFIT  Fabrication  shop.  The  he  -it 
block  is  shown  in  Figure  3-2.  I*  is  a  block  of  aluminum  ;iu  :  a  1 
1.5  inches  by  1.5  inches  square,  and  1  inch  thick.  It  has  a 
raised  metal  plateau  on  the  top  surface  with  an  area  (.0.9  inches 
x  0.5  inches)  to  match  the  area  of  the  3x2  well  pattern.  The 
heat  block  was  heated  on  a  hot  plate  to  the  desired  processing 
temperature.  A  chromel  alumel  thermocouple  was  inserted  into  a 
passage  within  the  heat  block  and  connected  to  a  digital 
temperature  meter.  Temperature  control  was  achieved  manual ly. 

The  wafers  prepared  for  bonding  were  placed  on  the  raised  area 
so  that  localized  heating  occurs  under  the  area  of  the  die  to  be 
bonded.  Adjustable  guides  on  the  heat  block  facilitate  the 
accurate  placement  of  the  sample. 

2.  A  digital  thermometer  with  a  cromel  alumel  thermocouple  (Model 
101,  Omega  Engineering,  Inc.,  San  Jose,  CA)  with  a  0  -  500 
degree  Celsius  range. 

3.  Hot  plate  0-400  degree  Celsius  range. 

4.  IC  die  handling  tools  (assorted  tweezers). 

5.  Two  inch  by  two  inch  glass  photomasks  and  a  100  gram  weight 

The  materials  used  in  the  eutectic  bonding  procedure  are  summarized 
below : 

1.  The  three  gold  eutectic  alloys  described  above. 

2.  Etched  silicon  wafers.  Quartered  3-inch  (100)  wafers  were  ised 
throughout  the  DAA  study.  They  were  approximately  20  mils  t:  icl 
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The  wafers  were  preciselv  etched  to  well  depths  of  0  mils  (3 
microns  ir.  the  ?  x  2  mu  r  r :  ;  at  tern  of  square  •  mi  !  h  ••  . 

mill  wells 
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Procedure  for  Bond ina  W i t h  the  Eutectic  Materials .  The 
;g  section  describes  the  procedure  used  for  bonding  the  phant 
'  the  wells  using  the  gold  eutectic  preforms' 

Initially  all  materials  were  thoroughly  cleaned.  The  wafers 
preforms,  and  die  were  cleaned  using  the  standard  clean  proc 
(**1  in  Appendix  D)  ,  thoroughly  rinsed  in  deionized  water,  an 
baked  in  an  oven  for  3  or  more  hours  at  150  degrees  Celsius. 
Only  the  materials  to  be  used  were  removed  from  the  oven:  ca 
was  taken  to  avoid  contaminating  the  samples. 

Samples,  were  prepared  by  placing  a  single  preform  in  the  hot 
of  the  wells.  A  die  was  then  placec  or  top  of  each  preform. 
Theoretically.  0.5  mils  of  the  die  extends  above  the  plane  n 
the  top  surface  of  the  substrate.  The  thickness  of  the  die  • 
mils;  plus  the  thickness  of  the  preform  (1.5  mils.)  is  0.5  rr. : 
greater  than  the  9  0  mil  depth  of  the  etched  veils. 

The.  heat  block  is  placed  on  the  hot  pl  -.te,  the  plate  turned 
and  the  heat  block  temperature  verified  and  manually  ad  us- 
the  desired  temperature.  Three  different  temperatures  were 
examined;  one  for  each  of  the  three  eutectic  cold  al  levs’  T 


heat  block's  temperature  was  calibrated  earlier,  and  the  details 
of  this  calibration  are  presented  in  Appendix  F 
A.  When  the  block  was  at  the  desired  temperature,  the  sample  was 
placed  on  the  heat  block,  a  class  photomask  blank  was  placed  . 
the  sample,  and  the  weight  placed  on  the  glass  mask.  The  pi  .w 
and  weight  provide  a  downward  force  which  acts  to  press  the-  di< 
into  the  molten  eutectic  material.  The  cure  times  were  on  the 
order  of  13  seconds.  The  sample  was  then  removed  i after 
removing  the  glass  and  weight)  and  allowed  to  cool  to  room 
temperature.  The  solidification  of  the  adhesive  should  t  a Re¬ 
place  quicklv. 

Each  cf  the  three  eutectic  materials  were  evaluated,  the 
performance  results  of  this  bonding  evaluation  are  presented  in  Chapter 

IV. 

Appl icat ion  of  VI t rasound  Vibrat ion  to  Enhance  Bonding . 
Since  no  scrubbing  action  was  possible  because  of  the  tight  fit  of  the 
die  in  the  wells,  ultrasound  vibration  was  applied  to  the  heat  block  to 
discern  if  the  vibrations  would  enhance  the  bonding  process.  This 
processing  feature  was  readily  accommodated  in  the  fabrication 


Epoxy  Bonding  Equipment  and  Materials .  The  following  equipment 


(illustrated  in  Figure  3-3)  was  used  to  evaluate  the  performance  of  the 
epoxy  adhesives: 

1.  Vacuum,  chuck,  and  vacuum,  y  ;mp .  This  was  used  to  hold  tk< 
substrate  stable  when  the  die  were  inserted. 

2.  Hot  plate  with  a  0-b00  degree  Celsius  range. 

3.  Tweeters  for  die  handling. 

4.  Forced  air  oven  with  a  0-350  degree  Celsius  range. 

5.  Several  two  inch  by  two  inch  glass  photomask  blank  plates  and  a 

100  gram  weight. 

The  following  materials  were  used:  1.  The  epoxies  described  in  the 

previous  section. 

2.  Substrates  and  die  identical  to  those  described  under  the  section 
titled  Eutectic  Bonding  Equipment  and  Materials. 

Procedure  For  Bonding  W i t h  Epox i e s .  The  following  section 
describes  the  procedure  used  for  bonding  the  die  into  wells  using  the 
epoxies . 

1.  The  wafers  and  die  were  cleaned  using  the  standard  clean 
procedure  (»1  in  Appendix  D) ,  thoroughly  rinsed  in  deionized 
water,  and  baked  for  3  or  more  hours  at  150  degrees  Celsius.  Onlv 
the  materials  to  be  used  were  removed  from  the  oven;  care  was 
taken,  to  avoid  contaminating  the  samples. 

2.  The  samples  were  prepared  by  placing  a  single  substrate  on  tin- 
vacuum  chuck.  A  matrix  (3  x  3)  of  small  dots  of  epoxv  (if  single- 
component  epoxy,  it  needs  to  be  thawed  prior  to  use;  if  a  two 
component  epoxy,  it  needs  to  be  mixed  prior  to  use)  are  placed  on 
the  bottom  surface  of  each  well  using  the  tip  of  a  toothpick  to 
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Figure  3-3.  Equipment  Used  in  the  Epoxy  Bonding  Process. 

a)  Hotplate  with  0-400  degrees  Celsius  range, 

b)  Adhesive  (Master  Bond  EP34CA  Special  featured  in 

photograph),  c)  100  gram  weight, 

d)  Vacuum  chuck  to  hold  wafer  during  preparation, 

e)  Tweezers,  toothpicks  for  application,  f)  Die, 

g)  Glass  photomask,  and  h)  Epoxy  mixing  knife  and  bowl. 


apply  the  material.  It  was  difficult  to  dispense  the  correct  (and 
consistent)  amount  of  epoxy.  Therefore,  trial  and  error 
experimentation  was  employed  to  determine  the  approximate  amount 
cf  epoxv  needed  for  an  effective  bond. 

3.  Each  indivi  i.ial  die  had  its  backside  "painted"  with  a 

transparent,  thin  coat  of  epoxv  to  wet  its  surface.  It  was  the;: 
placed  into  a  well  with  tweezers.  The  entire  substrate  was  either 
placed  in  a  forced  air  oven  (125-150  degrees  Celsius)  or  placed 
directly  on  a  hot  plate  (125-150  degrees  Celsius).  The  former 
curing  technique  was  used  initially;  later,  however,  the  hotplate 
was  used  exclusively  since  the  results  appeared  to  be  the  same, 
and  the  sample  could  be  visually  monitored  while  on  the  hot 
plate.  The  curing  times  were  approximately  one  hour  for  each  of 
the  epoxies  tested.  While  in  the  oven  or  on  the  hotplate,  a  glass 
and  weight  was  place  on  each  sample  to  restrict  the  movement  of 
the  die  to  the  region  below  the  plane  formed  by  the  substrate's 
top  surface.  After  cure,  the  glass  and  weight  were  removed  and 
the  substrates  were  allowed  to  cool. 

Silver  Glass  Bonding  Equipment  and  Materials .  The  following 
equipment  was  used  to  evaluate  the  performance  of  the  silver  glass 
adhesives : 

1.  Vacuum  chuck  and  pump.  This  arrangement  was  used  to  hold  the 
substrate  stable  while  the  adhesive  and  die  were  inserted. 

2.  Thermal  oxidation  furnace  tube  set  at  435  degrees  Celsius. 

3.  Tweezers  for  die  handling. 

The  following  materials  were  used: 

1.  The  silver  glass  adhesive  describe  in  the  previous  section. 


2.  Substrates  and  die  identical  to  those  described  in  the  section 


titled  Eutectic  Bonding  Equipment  and  Materials. 

Procedure  for  Bonding  With  Silver  Glass .  The  following  section 
ribes  the  procedure  used  for  bonding,  the  die  into  wells  using  the 
er  glass  adhesive: 

1.  The  wafers  and  die  were  cleaned  using  the  standard  clean 
procedure  (»1  in  Appendix  D) ,  thoroughly  rinsed  in  deionized 
water,  and  baked  in  a  forced  air  oven  for  3  or  more  hours  at  15U 
degrees  Celsius.  Only  the  materials  to  be  used  were  removed  from 
the  oven:  care  was  taken  to  avoid  contaminating  the 

samples . 

2.  Samples  were  prepared  by  placing  a  single  substrate  on  the  vacuum 
chuck.  A  matrix  (3  x  3)  of  small  dots  of  the  adhesive  material 
was  placed  on  the  bottom  surface  of  each  well  using  the  tip  of  a 
toothpick  to  apply  the  material.  As  with  the  application  of 
epoxy,  it  was  difficult  to  determine  the  correct  amount  of 
material  to  be  deposited.  Again,  trial  and  error  experimentation 
was  completed  to  determine  the  optimum  amount. 

3.  Each  individual  die  was  placed  into  its  well  with  tweezers,  and 
the  entire  substrate  was  placed  on  a  quartz  platform  to 
facilitate  insertion  into  the  oxidation  tube.  The  glass  photomask 
and  weight  were  then  placed  on  the  sample  to  provide  alignment  of 
the  die  and  the  substrate. 

4.  A  temperature  profile  of  the  oxidation  tube  was  measured  before 
the  sample  was  processed.  The  results  of  this  calibration  are 
presented  in  Figure  4-15  in  Chapter  IV.  The  platform  was  slowlv 
inserted  into  the  tube  according  the  schedule  given  below: 
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a.  Place  the  sample  on  the  port  of  the  furnace  tube  for  6 


minutes.  The  port  of  the  tube  is  defined  for  this  procedure 
to  extend  1.5  inches  from  the  tube's  outer  edge. 

b.  Slide  the  sample  into  the  tube  to  a  point  5  inches  fro:: 
outer  edge  at  the  rate  of  about  one  inch  everv  90  seconds. 
Remain  at  this  position  for  30  seconds. 

c.  Insert  the  sample  further  into  the  tube  to  a  point  12  inches 
from  the  outer  edge  of  the  tube  at  a  rate  of  1  inch  per 
minute.  Remain  at  this  position  for  6  minutes. 

d.  Slowly  remove  the  sample  from  the  tube,  using  an  extraction 
rate  of  1  inch  per  minute. 

This  schedule  was  derived  from  the  manufacturer's  literature.  After 
this  thermal  cure  cycle,  the  substrates  were  removed  and  allowed  to  cool. 

Samp  1 e  Evaluation  of  the  Die  Attach  Adhesive  Study .  The  following 
methods  were  used  to  evaluate  the  samples  fabricated  in  the  Die  Attach 
Adhesive  Study. 

Prv  test.  A  simple  prv  test  was  administered  to  the  cured 
samples  to  eliminate  an  adhesive  candidate  not  strong  enough  to  resist  a 
mild  prying  action.  A  calibrated  force  meter  (No  model  number,  Jonard 
Industries  Corp.,  Bronx,  NY)  (illustrated  in  Figure  3-9)  with  a  thin 
knife-like  tip  was  inserted  between  the  edge  of  the  die  and  the  sidewall 
of  the  well,  and  a  prying  action  was  applied.  If  the  die  separated  from 
the  well,  the  amount  of  force  was  recorded  from  the  meter.  If  the  meter 
attained  its  maximum  reading  of  150  grams  of  force,  the  test  was 
terminated  and  the  adhesive  candidate  was  considered  to  have  passed. 

Cross-Sectional  Scanning  Electron  Microscope  Eva luat i on  of  t h e 
Adhes Ives .  The  adhesives  passing  the  pry  test  were  evaluated  tor  voiding 


%  \ 


Figure  3-4.  Force  Meter  (0-150  grams')  Used  in  the  Pry  Test. 
Arrow  points  to  tip  inserted  between  bonded  die  and  support 
wafer.  Force  of  prving  action  is  read  from  the  dial. 
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bv  examining  the  cross-sections  of  the  cured  adhesive  under  a  scannin 
electron  microscope  (SEM)  (1SI  WB-6,  International  Scientific  Instru¬ 
ments,  Inc.  ,  Milpitas,  CA)  .  Twenty  mil  thick  strips  of  the  samples 
cut  with  a  dicing  saw  (Model  602M,  CS  Microautomat  ior. .  Inc  .  .  r 
CA).  The  strips  containing  areas  for  observing  the  die  -  to  -  subst  r.>: . 
were  mounted  onto  SEM  specimen  tabs.  SEM  micrographs  cnaracter  1  st  : 
the  adhesive  void  frequency  were  taken  and  presented  in  Chapter  I. 

Fabr icat ion  Of  Samples  For  Electrical  Testing. 

With  the  Wet  Orientation  Dependent  Etching  ( WODE  •  and  Die  ■ 

Adhesive  (DAA)  studies  complete,  the  focus  turned  to  the  f  rh>  r :  a  *  ; 
working  samples  for  electrical  testing  and  fault  analysis  T:.e  ■■ 
of  the  WODE  study  were  incorporated  into  the  procedure  for  fa-  :  :  •• '  • : 

the  final  samples.  All  etching  subsequent  to  this  point  in  the  r<  ■■■•  > 
was  accomplished  using  the  combination  of  quartered  3- inch  (loo 
and  the  buffered  potassium  hydroxide  etchant.  Further,  as  <«  r-su. * 
positive  features  of  the  two  -  component  epoxv  (Master  Bond  IP- 
observed  in  the  DAA  study,  it  was  used  exclusively  ar  the  die  < 

adhesive  in  subsequent  experimentation. 

The  fabrication  of  working  samples  involved  conduct  ing  sf.vi  -i . 
experiments;  each  provided  information  on  the  proper  pm<  (■■!::  • 
define  and  mature  the  Hybrid  Wafer  Scale  Integra*  ; or.  j: 

following  section  provides  a  description  of  *  he  sc  ey.pt-:  ;  re*  * 
the  equipment,  materials ,  and  procedures  used 

Die  Preparation ,  For  all  further  experiments,  a  •-  \  .  ■ 

die  (with  patterned  circuits)  were  prepared  The  si’.  ;  <>r,  wi!- 


Figure  3-6.  A  Wafer  of  Cut  but  Undiced  Die. 
Sixteen  die  were  prepared  on  each  wafer.  The 
magnification  factor  is  1.875X. 
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Calculation  of  Well  Dimensions .  Before  using  the  anisotropic 
etching  methodology  realized  from  the  WODE  study,  it  was  necessary  to 
specify  the  well's  depth  and  the  well's  mask  dimensions.  An  ideally 
fabricated  well  will  be  as  deep  as  the  average  thickness  of  the  die  'used, 
plus  a  prescribed  thickness  to  accommodate  the  cured  die  bond  adhesive. 
The  die  fabricated  in  the  previous  step  were  selected  to  be  8.7  mils 
thick.  Assuming  the  prescribed  thickness  of  the  EP-34CA  Special  epoxy  to 
be  1.0  +  0.2  mils,  the  desired  well  depth  is  9.7  mils. 

Since  the  die  are  197  mils  by  197  mils,  the  well’s  surface 
dimensions  need  to  be  at  least  this  size  to  assure  proper  mounting  of  the 
die.  The  openings  in  the  oxide  mask  will  determine  the  dimensions  of  the 
upper  opening  of  the  well  (W  in  Figure  3-7).  If  the  desired  size  of  the 
well's  surface  opening  is  200  mils  by  200  mils  square,  the  following 
equations  can  be  used  to  calculate  the  dimensions  of  the  oxide  mask,  and 
consequently,  the  size  of  the  photolithography  mask  features.  To 
determine  W  ,  Figure  3-7  reveals  that: 

V  -'(-2  sin  0  )(  R...  !(t)'  +  W  t  3 -  1  ' 

o’  111  t 

and  V  -  W,  +  I  2  /  '  ( tan  0)  (  Rn  An  )  ( t )  ]  )  .  (  3  -  2  ' 

t  b  '  1UU 

There  fore  : 

W  -  W  +  |2  /  [(tan  0)(  R .  „  _  )  ( t )  -  ;  s  i  n  0  }  (  R .  ,  .  )  ( t )  [  !  (3  -  3  : 

o  b  100  I  1  1 

where  V  is  the  width  of  the  oxide  opening  along  one  edge,  is  t  fit- 
width  of  the  well's  opening  beneath  the  oxide  mask,  V  is  the  critical 
size  of  the  well  along  one  edge,  0  is  the  angle  formed  between  the  plant 
of  the  well's  surface  and  the  sidewalls.  is  the  rate  that  the 

silicon  etch',  in  the  <  1 1  1  >  direction.  is  1  he  rate  that  the  sili.on 


W  •  vs  'tie  w  l  ‘  it  h  •  > !  •  ;  ,<■ 

Wb  is  the  width  of  the 
d  is  t  he  depth  of  r  *  >• 
0  is  the  angle  of  the 
PlOf)  is  the  etcfi  rate  in 
Rill  is  the  etch  rate  in 


Etching  of  Wafers  for  Final  Samples .  With  the  well  dimensions 
specified,  the  required  masks  were  fabricated.  Six  3-inch  (100)  silicon 
waters  (lot  »18l43A/697.'  p-doped,  30-60  ohm  per  square  sheet  resistance 

•  ••  ■'  mil  thickness .  Auiv  Inc.  .  Santa  Clara.  CA)  were  quartered  us  i  ra¬ 
th  dicing  saw.  Extreme  care  was  taken  to  assure  that  the  cuts  were  made 
along  the  (100'  planes  This  requirement  was  accomplished  bv  careful lv 
aligning  the  cuts  parallel  to  the  wafer's  primary  flat.  The  quartered 
waters  were  then  cleaned  (.standard  clean  =1,  Appendix  D)  and  oxidized 
'see  Appendix  C>  with  an  oxide  thickness  of  1.5  microns.  Using  standard 
pi."*  r.  1  i  t  hographv  processes  '  Appendix  C),  the  oxide  masks  were 
fabricated  Again  the  wafers  were  cleaned  •  standard  clean  *1  .  in 

Api  endix  D 1  ind  stored,  it.  deionized  water  until  etched. 

t  ‘  ’  1. 1  ng  it  'he  w  1 1  e :  was  conducted  using  the  procedure  presented  in 

*  ! .  •  V  [ ■  f  s  *  ’  ;<.i  Y 

The  .  •  hat.-  ■ .  .  ■  t  a  hut  f «  red  pot  i  s  i  urn  hydroxide  solution 

\  t  e-r  %  i  .-•!  :  s  ; :  *•  • .-  .•  to.  lowing  concent  rat  i  or.s  arid  procedures 

a  .  '  «  v.  :  ,-t.t  potassium  hvdro>.  ide  . 


5.  The  wafers  were  inspected  for  etching  defects.  The  well  depths 
were  measured  and  compared  to  the  desired  results.  If  further 
exposure  to  the  etchant  was  needed,  it  was  accomplished. 

6.  All  wafers  were  then  stripped  of  their  oxide  masks  (20  minutes  in 
buffered  hydrofluoric  acid)  and  re-oxidized  (see  Appendix  C>  to 
an  oxide  thickness  of  0.12  microns.  This  step  was  accomplished  to 
provide  a  compatible  surface  for  the  die  bond  adhesive  and 
polyimide  layer  to  adhere  to. 

7.  Once  the  etching  and  oxidation  processes  were  completed,  the 
wafers  were  divided  into  groups  according  to  their  quality 
(quality  wafers  for  the  preparation  of  final  samples,  slightly 
defective  wafers  used  for  processing  experiments,  and  defective 
wafers  were  discarded)  and  stored  in  closed  containers. 

Evaluat ion  of  the  Resul ts .  Six  of  the  quality  wafers  were 
chosen  at  random,  and  the  size  of  the  well's  surface  dimensions  were 


measured.  The  well's  surface  dimensions  were  measured  using  the 
cuordiriatograph  which  h3s  the  capability  of  measuring  dimensions  to  1  mil 
accuracy  To  accomplish  this  measurement,  the  alignment  scope  was 
inserted,  and  the  water  was  placed  on  the  glass  table  with  its  flat 
p  « :  a  1 1  e  1  to  the  <"<>«rdi  r.at  ngraph’  s  x-avis  While  moving  the  scope  along 

•  h<  x  axis,  ’he  heir.r  treasu red  was  kept  in  view  on  the  alignment 

s>  pe  hv  manually  adjusting  'tie  wafer's  position  on  the  glass  table.  The 
,  .ape  was  r  her:  ved  ’  <>  ot.e  cornet  of  a  well  and  centered  precisely  on 

•  t,»-  well  •  s  oil  t.er  <  t  he  wall's  surface)  Both  values  on  the  digital 

me  *  e  r  were  reset  The  scope  was  then  moved  along  the  well's  edge  in.  the 
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length  was  then  recorded  from  the  digital  meter.  This  procedure  was  then 
repeated  for  the  dimension  in  the  y-direction.  This  procedure  was 
repeated  for  all  six  wells  on  each  of  the  six  wafers.  The  measurements 
are  presented  in  Chapter  IV. 

Die  Attach  Procedure .  With  a  supply  of  wafers  prepared  for  further 
processing,  attention  was  focused  toward  preparing  a  number  of  final 
samples  by  bonding  die  into  the  six  weLs .  A  description  of  the  procedure 
follows.  Information  concerning  equipment  and  materials  not  previously 
introduced  is  included. 

Calculat ion  of  Epoxv  Volume .  Based  on  the  results  of  the 
previous  section,  it  is  known  that  the  typical  well  has  a  flat  surface 
approximately  202  +  2  mils  square  and  a  depth  of  244  +  1  microns  (9.64  + 
0.03  mils).  The  die  were  determined  to  be  8.7  ±  0.3  mils  thick  and  197 
mils  by  197  mils  square.  Assuming  that  the  die's  top  surface  is 
co-planar  with  the  top  surface  of  the  support  wafer,  the  minimum  volume 
of  space  needed  to  be  filled  with  epoxy  (when  9.0  mil  thick  die  are 
placed  in  a  9.61  mil  deep  well)  was  calculated  to  be  2.44  x  10  ^  square 
inches  or  0.400  microliters.  The  maximum  volume  (when  8.4  mil  thick  die 
are  placed  in  wells  which  are  9.6'  mils  deep)  was  calculated  to  be  50.8 
10  square  inches  or  0.832  microliters.  Assuming  a  mean  value  for  both 
the  die  thickness  (8.7  mils)  and  well  depth  (9.64  mils),  the  average 
volume  is  38.4  x  10  ^  square  inches  or  0.630  microliters.  Assuming  epoxv 
shrinkage  to  be  approximately  30%  (22:307),  the  required  epoxv  volumes 
are : 

Minimum  0.570  microliters 

Average  0.900  microliters 

Maximum  1.190  microliters. 
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These  calculations  are,  of  course,  estimates.  The  volume  of  epoxy 
needed  can  be  generally  estimated  to  be  about  1  +  0.4  microliters.  Epoxy 
dispensing  equipment  capable  of  this  accuracy  was  not  available. 
Therefore,  the  application  of  the  proper  amount  of  die  bonding  adhesive 
was  more  an  art  than  a  science.  The  procedure  for  mounting  the  die  was 
the  same  as  that  used  in  the  DAA  study  for  applying  the  EP-34CA  Special 
adhesive.  Trial  and  error  experimentation  led  to  a  subjective  judgement 
of  the  proper  amount  of  epoxy  to  apply  in  each  well.  The  procedure  used 
for  bonding  the  die  into  the  wells  using  the  epoxy  was  as  follows: 

1.  The  wafers  and  die  were  cleaned  using  the  standard  clean 
procedure  («1  in  Appendix  D) ,  thoroughly  rinsed  in  deionized 
water,  and  baked  for  3  or  more  hours  at  150  degrees  Celsius.  Only 
the  materials  to  be  used  were  removed  from  the  oven;  care  was 
taken  to  avoid  contaminating  the  samples. 

2.  The  samples  were  prepared  by  placing  a  single  substrate  on  the 
vacuum  chuck.  A  matrix  (3  x  3)  of  small  dots  of  epoxy  (the  two- 
component  epoxy  needs  to  be  mixed  prior  to  use)  were  placed  on 
the  bottom  surface  of  each  well  using  the  tip  of  a  toothpick. 

3.  Each  individual  die  had  its  backside  "painted"  with  a 
transparent,  thin  coat  of  epoxy  to  wet  its  surface.  It  was  then 
placed  into  a  well  with  tweezers.  The  entire  substrate  was 
transferred  directly  to  the  hot  plate  (125-150  degrees  Celsius' 
for  a  two  minute  cure.  The  heat  cycle  fluidized  the  epoxy.  The 
glass  cover  and  weight  were  placed  on  the  sample  to  press  the  die 
into  the  epoxy  and  to  restrict  the  movement  of  the  die  to  the 
region  below  the  plane  formed  bv  the  substrate's  top  surface  Thu 
excess  epoxy  repositioned  itself  in  the  gap  region  The  glass  and 
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weight  were  then  removed,  and  the  sample  was  removed  i rum  the 
heat  source.  While  cooling  on  a  nearby  table,  the  glass  and 
weight  were  again  placed  on  the  sample. 

4.  If  too  much  epoxy  was  dispensed  into  the  well,  it  flowed  out  of 
the  gap  and  onto  the  cover  glass  surface.  This  excess  epoxv  < no 
cool)  was  removed  with  acetone  and  a  cotton  swab.  The  glass  was 
also  cleaned  with  acetone  and  a  swab.  Steps  3  and  4  were  repi.it 
until  no  excess  epoxy  was  found  on  the  glass.  This  procedure  wa 
often  implemented  3-4  times. 

5.  The  sample  was  allowed  to  cure  on  the  hotplate  for  30  minutes 
with  the  glass  and  weight  in  place,  and  then  30  additional 
minutes  without  the  glass  and  weight.  After  cure,  the  sampl<  wa 
removed  and  allowed  to  cool. 

This  process  is  illustrated  in  Figure  3-8.  Each  die  was  posit  iom 
onto  the  thick  epoxy  (a)  dispensed  into  the  well  (as  described  in  step 
above),  and  as  the  weighted  glass  optical  flat  (2  inch  square  photomask 
was  placed  on  the  die,  the  downward  force  caused  excess  epoxv  to  mow 
into  the  gap  region.  Since  the  epoxy  becomes  more  fluidic  with  hi.,:  .  :F 
redistribution  of  excess  epoxv  occurred  very  quieklv  (hi.  During  tin 
final  cure  (c),  the  flat  remained  in  position  preventing  the  dir  tin;' 
rising  out  of  position  due  to  pressures  generated  from  t  rapped  so  1 v.  :  * 
vapors.  After  approximately  30  minutes,  the  flat  was  removed.  and 
sample  was  allowed  to  cure  without  the  aid  of  the  flat  .  The  pos' • • 
samples  were  expected  to  have  a  meniscus  at  t  he  gap’s  sui  t  .«<■« 

Eva  1  uat  i  on  o f  Mast  er  Bond  El1-  14 r A  Spec  i  a  1  as  (kip  Fill,  l  •  •  ; 
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illustrated  in  Figure  3-8.  an.v  (->xrss  epo 


into  the  gap  surrounding  the  die.  Tvpi.cn 
displaced  from  under  the  die  so  that  the 
after  cure  (all  shrinkage  has  taken  piac 
a  need  for  more  epoxv  to  completely  till 
applying  additional  epoxv  to  the  gap  vas 


The  '.cater  vas  mounted  on.  the 


e  p  o  v  (  a  d  r  o  p  a  p  p  r  o  i  ma  t  e  1  v 


placed  in  the  center  or  t  :.t 
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filled)  were  rested 


Initially,  the  difference  or  delta  bet 


the  surface  of  the  support  wafer  to  the  surface  of  the  die  was 
measured  at  12  sites.  Figure  3-10  illustrates  the  concept  of  the 
delta  measurement  and  the  locations  of  the  11  measurements.  The 
measurement  was  accomplished  with  the  optical  microscope.  By 
focussing  on  the  two  planes  and  comparing  the  readings  observed 
on  the  calibration  knob,  the  difference  was  determined  with  an 
accuracy  of  +  3  microns. 

2.  Sample  A  was  heated  in  a  forced  air  oven  at  350  degrees  Celsius 
for  1  hour  with  a  2  inch  square  optical  flat  (photomask)  and 
gram  weight  positioned  to  keep  the  die  in  place.  The  sample  was 
allowed  to  cool,  and  the  delta  measurements  were  taken  This 
experiment  was  accomplished  to  determine  the  initial  effect 
high  temperature. 
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Sample  A  was  again  heated  to  330  degrees  Celsius  for  1  hour 


without  the  glass  and  weight.  The  sample  was  allowed  to  cool  and 
the  delta  measurements  were  taken.  This  experiment  was 
accomplished  to  determine  the  effect  of  reheating  without  the 
constraint  of  the  cover  glass  and  weight. 

4.  Sample  B  was  heated  in  the  forced  air  oven  in  25  degree  Celsius 
increments,  starting  at  150  degrees  Celsius  and  ending  at  350 
degrees  Celsius.  The  samples  remained  at  each  temperature  for  30 
minutes.  This  experiment  was  accomplished  to  determine,  within  25 
degrees  Celsius  the  highest  permissible  processing  temperature. 

The  results  of  these  experiments  are  presented  in  Chapter  IV. 

Application  of  Photosensitive  Polviroide  as  a  Planarizing  F i lm  and 
Inter-Metal  Insulator.  The  photosensitive  polyimide  (HTR  3-200)  was  used 
for  an  inter-metal  insulator  because  of  its  excellent  ability  to 
planarize  rough  or  irregular  surfaces.  The  HTR  3-200  polyimide  is  also 
capable  of  being  applied  in  a  relatively  thick  layer  (2-80  microns).  In 
addition,  the  polyimide  is  photosensitive,  so  vias  can  be  realized  using 
a  minimum  number  of  processing  steps.  The  process  used  to  applv  the  HTR 
3-200  polyimide  to  the  top  surface  of  the  final  samples  is  described  in 
Appendix  I . 

Via  Fabr icat i on  Experiment .  The  Merck  HTR  3-200  vendor’s 
Literature  indicates  that  proximity  photolithography  is  superior  to 
contact  photolithography  for  achieving  sloping  vias  To  determine  t he 
optimal  proximity  distance  for  producing,  via-,  in  the  final  sairplt  •.  <:  d 
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1.  Four  2-inch  wafers  ((111)  orientation,  n-doped,  Monsanto,  Inc., 
St.  Louis,  MO)  were  cleaned  using  the  standard  clean  process  ("1 
in  Appendix  D)  and  oxidized  to  a  thickness  of  2000  Angstroms, 
(Appendix  C) . 

2.  Aluminum  was  evaporated  on  oxidized  samples  [8000  Angstroms  thick 
as  measured  with  the  Dektak  profile  meter  (Model  900051,  Sloan 
Technology  Corporation,  Santa  Barbara,  CA) ]  using  the  techniques 
detailed  in  Appendix  G. 

3.  Merck  Selectilux  HTR  3-200  photosensitive  polyimide  was  spun  on 
the  wafers  at  1000  rpm  for  30  seconds  and  prebaked  on  a  hot  plate 
at  100  degrees  Celsius  for  20  minutes.  The  pre imidization 
thickness  of  the  layer  was  approximately  40  microns.  The  wafers 
were  now  ready  for  photolithography.  (Further  details  on  the 
application  of  the  photosensitive  polyimide  are  given  in  Appendix 

I)  ■ 

4.  The  via  mask  (Appendix  B,  Figure  B-3)  was  used  for  the 
photolithography  processes.  On  one  of  the  four  wafers  (sample  A), 
the  via  pattern  was  exposed  using  contact  printing.  On  samples 
B,  C,  and  D,  proximity  exposure  was  used.  The  spacing  between  the 
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developed  on  tin-  ph'i '  1 1 1  .  .  i  i  i :!  :i  •  :  >  i  i  •'  •  :  ;  ;  ■  .  ■ : 
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I)  to  assure  romp  let  e  deve  I  opim-nt  ot  the  v  i  a*.  Tin  v;  i  ••  w«  i  • 
inspected  visual  Iv  to  de  t  <■  rm  i  tie  whether  thev  had  compli  :  ,  . 
etched  to  the  aluminum  laver  l>eneath  the  polvimide  un,-,  -In 
vias  were  "clean",  or  completely  etched  t  hrough  .  the  ,i  1  uir  i  i . 
laver  was  visible. 

5.  The  samples  were  then  cured  at  2b()  decrees  Cel  sin:,  f  ot  i  houi 

6.  Next,  aluminum  was  evaporated  on  the  samples  (10. 000  Angst  ron  e 
thick  as  measured  with  the  Dektak  profile  meter.)  usint.  t  h< 
techniques  detailed  in  Appendix  G. 

7.  The  metal  was  patterned  using  the  conventional  photolithography 
and  etch  technique.  The  second- level  metal  mask  (Figure  B-  »  in 
Appendix  B)  was  used  to  pattern  the  aluminum  film.  The  mask  was 
aligned  to  the  vias  so  that  each  conductor  terminated  at  a  via. 
Positive  photoresist  (Shipley  M1350J)  was  spun  on  the  samples  at 
3000  rpm  and  soft  baked.  The  samples  were  then  exposed  (Ab  second 
exposure  time),  developed,  and  hardbaked  at  130  degrees  Celsius 
for  1  hour.  (Appendix  C  details  the  photolithography  procedure). 

8.  A  continuity  test  was  performed  on  each  conductor  on  all  four 
samples.  On  each  sample,  one  of  the  two  probes  of  the  dig.it  al 
ohmmeter  (Model  3010UL,  Beckman,  Inc.,  Fullerton.  CA i  was 
positioned  to  contact  the  ground  plane  (the  first  aluminum  l.c.vt 
evaporated  in  step  2),  and  the  other  probe  was  contacted  with 
each  of  the  conductor  pads.  The  number  of  successful 
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Appl icat ion  of  t  he  Pol vimide  Three  final  samples  wete  roa*>-d 
with  the  HTR  4  -  i»(  i  polvimi'te  at.d  v  i  a  s  were  t  ib :  i .  .  d  i  r.  •  1  ' 1  ■ 

polyimide  was  spun  on  at  lout)  rpm  tor  JO  seconds  and  allowed  to  si- 
horizontal  lv  or  10  minutes  The  simples  we;  e  *  f:en  pi  •.  hil  •■■!  it.  t  :  ■  • :  .  : 

air  oven  at  6  5  degrees  1 ’els. us  tor  .  hours  The  ted  pi  t'e  method  nj 
prebaking  the  samples  was  attempted,  but  it  -sis  found  to  give  unde  .  i r  ib  1 . 
results  Small  bubbles  were  generated  from  tie  underlying  rpoxv  used  •< 
fill  the  gap  when  the  wafer  was  heated  from  the  backside.  Therefore,  the 
prebake  and  cure  cycles  were  done  only  in  the  forced  air  oven. 

Proximity  exposure  was  used  for  the  fabrication  of  vias  An  air  gap 
of  27  mils  was  used;  this  gap  was  achieved  by  stacking  6  mylar  films  Tin 
vias  were  developed  on  the  spinner  at  200  rpm  using  the  Selectiplast  HTR 
D-7  developer  (EM  Industries,  Inc.,  Hawthorne,  NY)  (sprav  with  the 
developer  for  40  seconds,  rinse  with  2-propanol  for  10  seconds,  and  blow 
d  r  v )  , 
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polvimide.  t  he  sampler  were  .Dated  with  a  thin  I  aver  of  aluminum  wti  l .  h 
was  then  patterned  using  standard  photolithography  and  etch  techniques 
The  pat  :  erni  nr,  of  the  interconnects  prepared  the  final  samples  for 
electrical  testing  The  me ‘ hod  for  depositing  the  aluminum  metal  on  the 
.  t  >  e  of  the  wifei  ■>  was  *  hertrul  ev.jpoi  it:  m  ’;!«•  t .« i  1  s  of  this  prove-  • 
are  discussed  in  Appendix  0.  The  phot o 1 i thographv  steps  can  use  either 
pus i * i ve  or  negative  photoresists  The  next  section  discusses  the  de*  ai  1  s 
concerning  t hie  two  experiments  which  sought  to  determine  the  optimal 
aluminum  etchant .  -he  tvpe  of  photoresist  to  use  'positive  or  negative  . 
and  whether  annealing  should  be  performed  after  metal  deposition. 

Phot  ores ist  and  A 1  urn i num  Anne a  1  Experiment .  An  experiment  was 
conducted  to  determine  whether  positive  or  negative  photoresist  provides 
better  results.  The  effect  of  annealing  the  metal  prior  to  patterning  and 
etching  was  also  investigated.  The  procedure  used  in  this  experiment  was 
as  follows: 

1  Four  2-inch  wafers  ((111)  orientation,  n-doped,  Monsanto,  Inc., 
St.  Louis,  MO)  were  cleaned  using  the  standard  clean  process  (*1 
in  Appendix  D)  and  oxidized  to  a  thickness  of  approximately  2000 
Angstroms  (Appendix  C) .  Merck  Selectilux  Photosensitive  polyimide 
was  spun  on  the  wafers  and  cured,  realizing  a  cured  thickness  of 
approximately  10  mils  (Appendix  1). 

2.  Aluminum  metal  was  evaporated  on  the  samples  <  ouo  Angstroms 
thick)  using  the  techniques  detailed  in  Appendix  0. 

i .  The  sheet  resistance  was  in  asui • d  on  all  tour  wafers  'designated 
A,  B,  C,  and  D)  using  an  automated  resistivity  probe  'Model 
AP-150,  Veeco  Instruments,  Inc  Plainview.  NY i 


Samples  tii’s  i  i’.n.  it  til  A  and  C  weft-  annealed  at 
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tor  otu-  hour  in  a  convi'ct  ion  oven.  Once  again  t  lie 
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resistance  measurements  were  made. 

i.  All  lour  wafers  were  then  coated  with  photoresist.  Samples  A  and 
R  were  coated  with  Shipley  Ml  ISO J  positive  photoresist.  Samples  C 
and  D  were  coated  with  Wavcoat  28  cps  negative  photoresist.  Each 
tvpe  of  photoresist  was  applied  using  the  vendor's  recommended 
application  procedure  to  achieve  a  thickness  of  2000  Angstroms. 
The  appropriate  mask  pattern  (both  positive  and  negative  masks 
were  utilized)  used  to  expose  the  wafers  was  the  second- level 
metal  mask  used  throughout  the  project  (illustrated  in  Appendix 
B)  . 

6.  The  samples  were  then  etched  to  determine  which  photoresist 
yielded  optimum  results.  The  *2  aluminum  etchant  heated  to  45 
degrees  Celsius  was  used  (Appendix  D) .  The  samples  were  etched 
until  all  exposed  aluminum  had  been  removed,  and  then,  they  were 
rinsed  in  deionized  water  for  15  minutes. 

7.  The  photoresist  was  then  removed  from  the  aluminum  with  the 
Losilux  (EM  Industries,  Inc.,  Hawthorne,  NY)  photoresist  remover. 

8.  The  final  results  of  the  etching  process  were  inspected  with  an 


optical  microscope.  Also,  a  continuity  test  was  performed  on  flu 
metal  stripes  to  evaluate  their  conductivity. 

The  results  of  this  effort  are  presented  in  Chapter  IV. 
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etched  to  delineate  the  metal  interconnects  for  each  test  circuit.  The 


samples  were  metallized  using  the  thermal  evaporation  technique;  this 
procedure  is  described  in  Appendix  G. 

Following  the  evaporation  of  aluminum,  the  samples  were  annealed  at 
250  degrees  Celsius  for  30  minutes.  The  samples  were  now  ready  for 
patterning  the  continuous  thin  film  of  aluminum  into  the  individual 
conductors.  To  achieve  this  step,  the  aluminum  conducting  paths  were 
protected  from  the  aluminum  etchant  with  positive  photoresist.  The 
photoresist  was  spun  onto  the  surface  of  the  aluminum,  prebaked,  and 
exposed  to  ultraviolet  light  with  a  photomask  shielding  those  areas  to  be 
stripped  of  metal.  A  difficulty  arises  if  the  photoresist  fails  to 
adequately  protect  the  metal  where  the  metal  passes  over  the  transition 
region  between  the  support  substrate  and  the  mounted  die.  The  etchant 
tends  to  remove  the  metal  from  these  unprotected  areas  and  produce  open 
circuits.  Single  and  multiple  photoresist  layers  were  explored  to  achieve 
the  desired  results. 

Single  Photoresist  Laver .  A  single  layer  of  Shipley  M1350J 
positive  photoresist  was  spun  on  one  sample.  The  spinner  speed  was  2000 
rprr  to  achieve  a  thick  layer  of  photoresist.  The  photoresist  was 
prebaked,  exposed,  and  developed.  The  photoresist  left  to  protect  the 
conductors  was  post-baked  at  180  degrees  Celsius  for  90  minutes.  The 
photoresist  laver  was  inspected  under  an  optical  microscope  for  areas 
where  the  thickness  of  tie  resist  was  inadequate  to  protect  the  metal 
Particular  attention  was  given  to  the  transition  areas  between  tin- 
support  substrate  and  the  die. 


Mu  It  i  n  I  e  p_hu  tm'fsisi  1  ,.ivt‘  r  s  .  A  second  1  aw  r  of  phot  oi'i-s  i  s  • 
was  deposited  over  the  first  laver  and  patterned.  After  post  hake,  the 
photoresist  was  again  inspected  under  an  optical  microscope  tor  thin 
areas.  This  procedure  was  again  repeated  for  a  third  time.  The  results  of 
the  three  inspections  are  presented  in  Chapter  IV. 

Patterning  of  the  F i na 1  Samples .  The  final  samples  A.  B, 
and  C  were  patterned  using  the  techniques  described  above.  The  metal 
conductors  were  protected  bv  a  triple  layer  of  photoresist  before 


etching. 


Etching  of  the  Aluminum .  After  the  final  samples  were  coated 


with  a  triple  coat  of  positive  photoresist  and  postbaked,  they  were 
etched  in  a  f ine - resolut ion  aluminum  etchant  (Appendix  D)  .  The  results 
of  this  etching  process  are  presented  in  Chapter  IV. 

Removal  of  the  Photoresist.  After  patterning,  the 
photoresist  was  removed  with  Losolin  (EM  Industries,  Inc.,  Hawthorne,  NY) 
photoresist  remover. 


Evaluation  of  the  Final  Samples . 

Three  samples  (referenced  as  A,  B,  and  C)  were  prepared  successfully 
using  the  procedures  described  in  the  previous  section.  In  order  to 
determine  the  effectiveness  of  the  process,  these  samples  were  subjected 
to  various  electrical  and  thermal  tests.  These  tests  are  described  in  the 
next  section. 

Numbering  the  C i rcu its.  In  order  to  reference  a  particular  circuit 
or  die  on  a  sample,  the  circuits  were  numbered  according  t o  the  guide 
presented  in  Figure  3-11.  Circuits  1.  .  and  3  are  on  die  "1;  circuits  *. 

'  .  and  fy  are  on  d  i  e  ;  and  so  on  Die  «  ]  js  the  die  in  the  center 


.‘.‘I1!*/ 


Figure  3-11.  Numbering  Scheme  for  the  Circuits  and  Die  on  the 
Samples . 


y 


3-46 


\  \ 


> 

> 

> 


SAMI1  LK 
ON 
:  LST 

BOARD 


CIRCUITS 
A ,  B ,  C 
UNDER  TEST 


SK3100 

DIODES 


' 

AD-A198  482  INVESTIGATION  OF  A  HV8RID  WAFER  SCALE  INTEGRATION 

TECHNIQUE  THAT  HOUNTS  D  <U>  AIR  FORCE  INST  OF  TECH 
HRIGHT-PATTERSON  AF8  OH  SCHOOL  OF  ENG I  R  U  NAINGER 

UNCLASSIFIED  HAfi  88  AFIT/GE/ENG/88J1-7  F/G  28/12 

2/J 

l 

1 

♦ 

-  ::: 

M 

_  8 

u 

M 

1:' 

B 

s 

» 

* 

fi 

r» 

* 

■ 

3 

n 

u 

D 

« 

k 

* 

B 

bi 

s 

n 

PI 

!  - -  ■-  _ -  -  - _ J 

board  wich  cellophane  tape,  and  the  circuits  tested  were  contacted  with 
spring  wire  leads.  Typically,  only  3-6  circuits  were  tested  at  any  given 


time.  The  difficulties  of  placing  multiple  spring  wires  onto  the  pads 
without  scratching  them,  limited  the  number  of  circuits  that  could  be 
tested  in  one  trial. 

Pulsed  Current  Circui try .  The  pulsed  current  circuitry 
consisted  of  the  circuit  under  test  (contacted  via  the  test  jig)  and  a 
signal  generator  (Model  III,  Wavetek,  Inc.,  San  Diego,  CA) .  Referring  to 
Figure  3-12,  a  1  Kilohertz  square  wave  was  chosen  for  the  tests.  The 
current  through  the  circuit  was  controlled  by  the  voltage  control  on  the 
signal  generator.  An  oscilloscope  (Model  575,  Tektronix,  Inc.,  Portland, 
OR)  was  used  to  determine  the  voltage  dropped  across  the  resistance  of 
the  circuit,  and  thus,  the  peak  current  through  the  circuit  during  the 
pulse  which  was  approximately  50  milliamperes .  Up  to  three  circuits  on  a 
sample  were  pulsed  to  50  milliamperes  each  by  one  signal  generator. 

Counter  Circuits .  To  determine  the  precise  point  in  time 
that  a  circuit  has  failed,  digital  counter  circuits  were  constructed  and 
used  to  count  the  pulses  passing  through  the  circuit.  The  counters  were 
isolated  from  the  test  circuits  with  100  kilo-ohm  resistors.  These 
resistors  functioned  to  limit  the  current  flowing  into  the  counter 
circuits.  The  counters  were  simple  in  design  and  were  constructed  on 
circuit  design  test  boards  (Elite  Boards,  no  model  number,  E  &  L 
Instruments,  Inc.,  Derby,  CT) .  The  chip-level  schematic  of  a  counter 
circuit  is  illustrated  in  Figure  H-l  in  Appendix  H.  Two  counter  circuits 
were  fabricated  on  an  Elite  Board.  Figure  3-14  illustrates  an  elite 
board  with  two  counter  circuits. 
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Room  Temperature  Test  ( 20  degrees  Celsius) .  All  functional 
circuits  were  tested  for  60  hours  at  room  temperature.  The  time  of 
failure  was  recorded  for  all  circuits  which  stopped  conducting  during  the 
test.  To  avoid  loss  of  conduction  at  the  spring  wire/pad  interface,  a 
small  dot  of  conductive  ink  (Amicon  C-993-34,  Amicon,  Inc.,  Lexington, 

MA)  was  placed  at  each  interface  and  cured  at  70  degrees  Celsius  for  20 
minutes.  Multiple  test  sessions  were  conducted  for  each  samples  since 
only  3-6  circuits  were  tested  in  any  one  period. 

Elevated  Temperature  Test  (150  degrees  Celsius) .  All  functional 
circuits  (the  survivors  of  the  room  temperature  MTTF  test)  were  tested 
for  60  hours  at  150  degrees  Celsius.  The  test  board  was  placed  into  a 
convection  oven  calibrated  to  150  degrees  Celsius  (quartz  thermometer) . 
The  time  of  failure  was  recorded  for  all  circuits  which  stopped 
conducting  during  the  test.  To  avoid  loss  of  conduction  at  the  spring 
wire/pad  interface,  a  small  dot  of  conductive  ink  was  placed  at  each 
interface  and  cured  as  in  the  room  temperature  test.  Again,  multiple  test 
sessions  were  conducted  for  each  sample,  since  only  3-6  circuits  were 
tested  at  any  one  time. 

High  Temperature  Tests .  The  three  tests  which  exposed  the  samples  to 
temperatures  up  to  350  degrees  Celsius  were  called  the  high  temperature 
tests.  These  tests  sought  to  determine  the  effect  of  high  temperature  on 
the  polyimide.  Earlier  temperature  test  results  motivated  the  limitation 
of  the  250  degree  temperature  (Chapter  IV:  Effect  of  Processing 
Temperature  on  Further  Process  Steps).  These  tests  will  evaluate  whether 
further  imidization  of  the  polyimide  layer  will  adversely  effect  the 
sample . 
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High  Rate  of  Temperature  Increase  Test .  The  purpose  of  this 
test  was  to  observe  the  results  of  subjecting  one  sample  to  a  rapid 
increase  in  temperature.  Sample  C  was  placed  on  a  hotplate  heated  to  350 
degrees  Celsius.  The  sample  was  thus  subjected  to  rapid  heating.  The 
results  of  this  test  are  reported  in  Chapter  IV. 

Ramped  Temperature  Test .  The  purpose  of  this  test  was  to 
observe  the  results  of  gradually  heating  a  sample  to  a  high  temperature. 
Sample  A  was  placed  in  a  forced  air  oven  set  at  175  degrees  Celsius  for 
30  minutes,  removed,  and  inspected.  The  sample  was  then  returned  to  the 
oven  which  had  its  temperature  increased  by  25  degrees  Celsius.  The 
sample  remained  under  these  conditions  for  30  minutes,  was  removed,  and 
then  inspected.  This  routine  was  repeated  until  the  oven  temperature 
reached  the  350  degrees  Celsius  level.  The  results  of  this  test  are 
reported  in  Chapter  IV. 

High  Temperature  Endurance  Test .  The  purpose  of  this  test  was 
to  determine  the  results  for  leaving  a  gradually  heated  sample  (sample  A 
from  the  last  test)  at  the  350  degree  Celsius  point  for  a  period  longer 
than  30  minutes.  After  sample  A  had  reached  the  350  degree  Celsius  level 
during  the  previous  test,  it  was  left  at  that  temperature  for  16  hours. 
The  sample  was  removed  from  the  oven  at  1,  2,  4,  6,  8,  and  16  hours 
duration  and  its  condition  was  observed.  The  results  of  this  test  are 
discussed  in  Chapter  IV. 

Fault  Analysis  of  the  F inal  Samples .  To  evaluate  the  effectiveness 
of  the  overall  fabrication  process,  it  is  important  to  understand  how 
the  samples  failed  and  how  often  any  particular  failure  mode  occurred. 
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Possible  Faults .  There  are  two  key  areas  where  most  circuit 


failures  could  occur:  at  the  "gap"  region  where  the  metal  conductor 


transitions  from  the  surface  of  the  support  substrate  to  the  surface  of 


the  die,  and  at  the  vias.  At  the  transition  region,  breaks  in  the 


aluminum  conductor  could  result  in  an  open  circuit.  Likewise,  vias  may 


not  conduct  due  to  steep  sloping  sidewalls. 


Statistical  Analysis  of  Faul t  Occurrence .  Each  failed  circuit 


on  the  three  final  samples  was  probed  to  determine  the  exact  location  of 


the  fault.  Using  the  diagram  in  Figure  3-15  and  Table  3-III  as  a 


reference,  this  technique  can  be  described.  A  digital  multimeter  was 


used  to  check  for  open  circuits.  The  probes  were  first  placed  between 


points  1  and  2  (Figure  3-15).  If  the  circuit  was  open  (an  infinite 


resistance  reading  on  the  meter)  between  these  two  points,  the  conductor 


was  defective  and  most  likely  has  a  break  in  the  metal.  This  procedure 


was  duplicated  for  all  of  the  sets  of  points  listed  in  Table  3- III.  The 


results  of  the  probing  led  to  an  understanding  of  which  points  on  the 


conductor  are  most  susceptible  to  defects.  The  results  of  this  test  and 


the  analysis  are  given  in  Chapter  IV. 


Scanning  Electron  Microscopy  of  The  Faults .  Micrographs  from 


the  scanning  electron  microscope  (SEM)  revealed  the  characteristic 


faults  found  in  the  final  samples.  These  micrographs  are  presented  in 


Chapter  IV. 
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IV.  Experimental  Results  And  Discussion 


This  chapter  contains  the  results  and  a  discussion  of  the 
experimental  procedures  described  and  implemented  in  Chapter  III.  The 
sequence  of  presentation  corresponds  to  that  in  Chapter  III. 

We t  Orientation  Dependent  Etching  Study  Results 

Twelve  etch  trials  were  accomplished  as  indicated  in  Table  4-1.  The 
objective  was  to  discern  the  etch  characteristics  of  two  silicon  wafer 
crystal  orientations  combined  with  the  three  etchants. 

Etching  Results .  The  results  of  each  etch  trial  are  presented  on 
data  sheets  which  are  presented  in  Appendix  E.  The  data  sheet  of  a 
typical  trial  is  presented  in  Figure  4-1.  Complete  information  regard¬ 
ing  the  type  of  wafer  etched,  the  etchant  (chemical  composition  and 
temperature) ,  and  thickness  of  the  oxide  mask  are  given  in  the  upper 
portion  of  the  data  sheet.  The  lower  section  of  each  data  sheet  (Figure 
4-1)  summarizes  the  results  observed  at  each  occurrence  (or  sampling 
time)  that  a  sample  wafer  was  removed  from  the  etchant.  The  depth  of  the 
wells,  the  color  of  the  oxide  mask,  and  the  condition  of  the  well's 
bottom  surface  was  commented  on.  For  example,  on  trial  *9,  the  (100) 
oriented  silicon  wafers  were  etched  in  the  buffered  potassium  hydroxide 
solution  at  80  degrees  Celsius.  The  wafer  was  removed  each  hour  over  an 
eight  hour  span.  At  each  sampling  point,  the  depth  of  the  wells  was 
measured  (optical  microscope) .  The  rate  at  which  the  silicon  was  etched 
is  linear  and  is  plotted  in  Figure  4-2.  For  trial  #9,  the  etch  rate  was 
0.83  microns  per  minute.  After  each  of  the  twelve  trials,  it  was  con¬ 
cluded  that  this  etch  rate  is  moderately  fast  rate  compared  to  the 
others,  and  this  fact  was  noted  in  the  comments  section  of  the  data 
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SILICON  SUBSTRATES 

(100)  n-and  p-DOPED 

(110)  n-DOPED 

KOH  in 

DIW 

WODE  runs  *1  &  3 

WODE  runs  =2  &  10 

Buffered 

KOH  in 

DIW 

WODE  runs  #5,  7,  8,  &  9 

WODE  run  #4 

PED  in 

DIW 

WODE  runs  #6  &  12 

WODE  run  *11 

KOH  =  potassium  hydroxide 

DIW  =  deionized  water 

PED  =  pyrocatechol  ethylenediamine 

WODE  =  wet  orientation  dependent  etching 


Key: 


Figure  4-2.  Plot  of  Well  Depth  Versus  Time  in  the  Etchant. 
Etchant:  buffered  potassium  hydroxide  in  deionized  water  at  80 
degrees  Celsius  (Trial  *9). 


sheet.  The  etch  rate  of  the  oxide  mask  was  observed  by  noting  the  color 
of  the  oxide  and  comparing  it  to  a  standard  oxide  color  chart.  From  the 
chart,  the  oxide  thickness  can  be  estimated  and  the  rate  of  oxide  re¬ 
moval  calculated.  Finally,  the  well's  bottom  surface  condition  was 
observed,  and  comments  are  recorded  on  the  appropriate  line.  Optical 
microphotography  was  accomplished  to  document  the  condition  of  a  well's 
bottom  surface. 

Results  of  Etching  ( 100 )  Silicon.  Eight  trials  (1,  3,  5,  6,  7, 
8,  9,  and  12)  were  conducted  using  (100)  wafers.  Using  a  square  well 
mask,  the  etched  (100)  wafers  yielded  straight  edged  wells  with  smooth 
sloping  sidewalls,  as  illustrated  in  Figure  4-3.  The  sidewalls  angle  at 
approximately  50  degrees  with  respect  to  the  plane  containing  the  well's 
bottom.  This  angle  is  shown  in  Figure  4-4.  This  result  yielded  an 
opening  at  the  top  of  the  well  larger  than  the  we 1 1 ' s  bottom  surface. 
Simple  trigonometry  revealed  that  the  well's  top  surface  opening  is 
(2d  /  tan  0)  wider  compared  to  the  well's  bottom  (d  is  the  depth  of  the 
well  and  9  is  the  angle  of  the  sidewall.  These  variables  are  illustrated 
in  Figure  4-4.).  If  the  well  was  etched  to  a  300  micron  depth  and  the 
angle  0  is  50  degrees,  then  the  well  is  [(2  x  300)/  tan  50  degrees]  50’, 
microns  (19.8  mils)  wider  at  the  top  of  the  well.  This  means  that  with 
300  micron  (or  about  12  mils)  well  depths,  and  if  the  die  size  is 
matched  to  the  size  of  the  well's  bottom,  there  will  be  approximately  a 
10  mil  "gap"  surrounding  the  die. 

Etching  with  45%  by  weight  KOH  in  DIW  (without  isopropyl  alcohol  i 
yielded  a  rough,  uneven  well  bottom  (Figures  4-3  and  4-5).  The  other 
two  etchants  yielded  smooth  well  bottoms.  The  buffered  KOH  in  DIW 


Figure  4-3.  Typical  Result  of  Etching  (100)  Silicon. 

With  all  three  etchants,  (100)  silicon  consistently  yielded 
precisely  square  wells  with  angled  sidewalls.  The  rough  well 
bottoms  resulted  from  using  the  45%  (by  weight)  potassium 
hydroxide  in  deionized  water  etchant  at  80  degrees  Celsius 
(Trial  #3).  The  magnification  factor  is  3X. 
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Figure  4-4.  Sidewalls  Resulting  From  Etching  (100)  Silicon. 
The  angle  theta  is  50  degrees.  Depth  d  of  the  well  is  245 
microns  (9.6  mils).  Wafer  thickness  is  340  microns.  Etchant: 
Buffered  potassium  hydroxide  in  deionized  water  at  80  degrees 
Celsius  (Trial  #9).  The  magnification  factor  is  144X. 
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Figure  4-5.  Rough  Well  Surfaces  Characteristic  of  Etching 
(100)  Silicon  With  45%  (by  weight)  Potassium  Hydroxide  in 
Deionized  Water,  a)  Full  wafer  view;  the  magnification  factor 
is  1 . 8X  and  b)  Closeup  view;  the  magnification  factor  is  3 . OX 
(Trial  #3). 
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(with  isopropyl  alcohol)  at  80  degrees  Celsius,  yielded  well  bottom 
surfaces  which  were  very  smooth.  Several  of  the  well  bottom  surfaces 
were  mirror-like  in  appearance.  An  example  of  this  situation  is 


illustrated  in  Figure  4-6.  The  wafers  etched  with  the  PED  and  DIW 
solution  (at  100  degrees  Celsius)  had  well  bottom  surfaces  which  were 
finely  grained  and  very  even,  as  illustrated  in  Figure  4-7.  There  was  no 
observed  etching  characteristic  differences  between  p-doped  and  n-doped 
(100)  wafers. 

Results  of  Etching  (110)  Silicon.  Four  trials  (2,  4,  10,  and 
11)  were  conducted  using  (110)  wafers.  The  results  associated  with 
using  this  orientation  were  generally  consistent,  regardless  of  the 
etchant.  The  two  sidewalls  parallel  to  the  wafer  flat  (care  was  taken 
to  align  the  mask  to  the  flat  to  within  a  +  0.5  degree  accuracy  as 
discussed  in  Chapter  II)  form  sidewalls  which  are  perpendicular  to  the 
planes  containing  the  well's  top  and  bottom  surfaces.  This  is  a  very 
desirable  etching  trait  because  it  reduces  the  "gap"  encountered  when 
the  (100)  silicon  wafers  were  etched.  However,  the  other  two  edges  etch 
outward  forming  slightly  rhomboid  shapes.  This  outward  etching  is 
illustrated  in  Figure  4-8.  The  undercut  areas  form  planes  which  are 
angled  approximately  35  degrees  with  respect  to  the  plane  containing  the 
well's  bottom.  The  35  degree  angle  was  verified  by  measuring  the  depth 
of  the  well  and  the  width  of  the  undercut  area.  The  angle  is  the  inverse 
tangent  of  the  ratio  of  the  well's  depth  to  the  width  of  the  undercut 
region.  The  gray-colored  region  on  Figure  4-8  is  the  oxide  mask  that 
remains  intact  after  the  anisotropic  etching  process.  The  edges  of  the 
well  are  indicated  by  the  letters  (a)  and  (b) . 


Figure  4-7.  Well  Surfaces  Characteristic  of  Etching  (100) 
Silicon  With  the  Pyrocatechol  Ethylenediamine  Etchant.  The 
well  surfaces  are  smooth  and  have  a  fine  grainy  texture  (Trial 
#12).  Arrows  point  to  etching  defects.  The  magnification  factor 
is  3X . 


Figure  4-8.  Typical  Results  of  Etching  (110)  Silicon. 

The  edge  (a)  is  nearly  vertical  while  the  edge  (b)  is  sloped  at 
a  35  degree  angle.  Photograph  illustrates  the  rhomboid  shape  of 
the  well  (Trial  #2).  The  magnification  factor  is  375X. 
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Unsuitable  well  bottoms  formed  from  etching  with  this  orientation 
type.  The  45%  (by  weight)  KOH  in  DIW  etchant  produces  a  rough  and 
uneven  well  bottom  very  similar  to  that  found  when  etching  (100) 
wafers  with  this  etchant  (Figure  4-9).  The  left  edge  of  the  sample  shown 
in  Figure  4-9  is  the  magnified  undercut  edge  of  Figure  4-8.  Both  the 
buffered  KOH  and  PED  etchants  yielded  well  bottoms  with  severe 
striations  or  groove-like  defects  which  would  not  be  suitable  to  bond 
die  to.  The  striations  differ  in  height,  and  therefore,  the  surface  is 
uneven.  Figure  4-10  illustrates  the  corner  of  one  well  etched  into  (110) 
silicon  and  shows  both  the  rhomboid  shape  of  the  resulting  wells  and  the 
striations  on  the  well's  bottom.  This  result  is  typical  for  both  of 
these  etchants. 

Results  of  Etching  With  KOH  in  DIW .  Four  trials  (1,  2,  3,  and 
10)  were  conducted  using  the  45%  (by  weight)  KOH  in  DIW  etchant  and  the 
results  were  consistently  poor.  The  oxide  masks  etched  at  a  rapid  rate, 
necessitating  thick  oxide  masks.  The  etchant  yielded  well  bottom 
surfaces  in  both  silicon  types  which  were  rough  and  uneven  (Figures  4-3, 
4  -  5 ,  and  4  -  9 ) . 

Results  of  Etching  With  Buffered  KOH  in  DIW.  Five  trials  (4, 

5,  7,  8,  and  9)  were  conducted  using  this  etchant.  Favorable  results 
were  achieved  using  (100)  silicon.  The  etchant  produced  flat,  fine 
grained  well  bottoms  that  were  realized  with  moderate  silicon  etch  rates 
and  slow  oxide  etch  rates.  These  results  are  illustrated  in  Figure  4-4. 
Poor  results  were  obtained  using  (110)  silicon;  the  well  bottoms  were 
heavily  striated,  as  seen  in  Figure  4-10. 
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Figure  4-9.  Corner  of  a  Well  Etched  Into  (110)  Silicon. 

The  well's  bottom  surface  is  very  rough.  The  etchant  was  45% 
(by  weight)  potassium  hydroxide  in  de'onized  water  at  80 
degrees  Celsius  (Trial  #2).  The  magnification  factor  is  75X. 
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Figure  4-10.  Corner  of  a  Well  Etched  Into  (110)  Silicon. 

The  well's  bottom  is  severely  striated.  The  etchant  is 
buffered  potassium  hydroxide  in  deionized  water  at  80  degrees 
Celsius  (trial  #4).  The  magnification  factor  is  75X. 
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Le  4-II.  Results  of  Wet  Orientation  Dependent  Etching  Study 


SILICON  SUBSTRATES 

(100)  n-and  p- DOPED 

(110)  n-DOPED 

TRIALS  =1  and  #3 

TRIALS  #2  and  #10 

KOH  in 

DIW 

Etch  rate:  medium/slow 

0.75  um  /min 

Oxide  etch:  Too  fast 

400  Angstroms/min 

Edges:  Beveled  54  degrees 
Surface:  uneven,  grainy 

Ftch  rate:  Good 

1 . 6  um  /min 

Oxide  etch:  Too  fast 

400  Angstroms/min 
Edges:  ragged 

Surface :  rough 

NOT  RECOMMENDED 

NOT  RECOMMENDED 

TRIALS  =5.  *7.  =8,  &  *9 

TRIAL  #4 

Buffered 

KOH  in 

DIW 

Etch  rate:  medium 

0.9  um  /min 

Oxide  etch:  slow 

40  Angstroms/min 
Edges:  very  straight 
beveled  at  54  degrees 
Surface:  nirrorlike 

Etch  rate:  slow 

0.3  um  .min 
Oxide  etch:  slow 

44  Angstroms/min 
Edges:  undercutting 
beveled  at  35  degrees 
Surface:  striations 
rhomboid  formation 

RECOMMENDED 

NOT  RECOMMENDED 

TRIALS  #6  and  #12 

TRIAL  #11 

PED  in 

DIW 

Etch  rate: medium  to  fast 

1 . 1  um  /min 

Oxide  etch:very  slow 

8  Angstroms/min 

Edges:  very  straight 
beveled  at  54  degrees 
Surface:  fine  grainy 

Residue  defects  at  edges 

Etch  rate:  medium 

0.7  um  /m i n 
Oxide  etch:  very  slow 

8  Angstroms/min 
Edges:  unde  rcut  t  i  nr. 
beveled  at  33  degrees 
Surface  :  s t  r  i  a  ‘  i  <:.s 

N'T  RECOMMENDED 

NOT  RFCnMMENDE: 

Key: 

KOH  -  potassium  hydroxide 

DIW  -  deionized  water 

PED  -  pyrocatechol  ethylenediamine 

WODE  -  wet  orientation  dependent  etching 

4-18 


^  ■  <  * 


iru 


VV 


of  time  needed  to  etch  a  batch  of  wafers. 

The  etchant  will  also  need  to  etch  the  silicon  dioxide  mask  at  a 
ve  rv  slow  rate.  Oxide  masks  up  to  2.5  microns  can  be  practically  grown 
for  this  studv.  The  tvpical  etching  time  required  to  etch  the  support 
substrates  will  be  on  the  order  of  200-300  minutes.  Therefore,  the  oxide 
etch  rate  should  be  less  than  85  Angstroms  per  minute. 

The  etching  process  should  form  sharply  defined  wells  with  straight 
edges  and  fairlv  horizontal  sidewalls.  Since  the  mask  pattern  contains 
six  200  mil  x  200  mil  squares  in  a  3  x  2  pattern,  the  resulting  well 
pattern  must  be  identical  to  this  pattern.  The  well  shapes  must  be 
square  at  the  top  and  bottom.  The  spacing  between  the  wells  should  bo 
retained  as  this  will  be  the  area  where  the  circuit  interconnects  will 
be  accomplished. 

The  surface  of  the  well  bottoms  should  be  uniform  and  relatively 
smooth.  To  promote  physical  adhesion  for  die  bonding,  the  surface  should 
be  smooth,  or  at  worst,  slightly  grainy.  No  gross  defects  (such  as 
c.'tching  residues  or  striations)  should  be  present  as  they  will  inter ftiv 
with  bonding  the  die  to  the  well. 

Discussion  of  the  Results.  The  matrix  of  etchant  and  silicon  wafer 
combinations  (Table  4-II)  is  a  convenient  way  to  summarize  the  strengths 
and  weaknesses  of  each  choice. 

The  (110)  orientation  combinations  did  not  show  promise  for  this 
project. .  Consistently,  two  of  the  four  edges  on  each  well  would  form 
fairlv  vertical  sidewalls.  It  was  observed  that,  unless  the  flat  and 
mask  were  precisely  aligned  (the  literature  indicates  a  tolerance  of 
i  0.25  degrees),  these  two  sidewalls  would  be  ragged  and  not  have  a 
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straight  clean  edge  at  the  top  of  the  well.  The  other  two  sidewalls 
consistently  etch  under  the  oxide  mask  at  a  35  degree  angle  with 
respect  to  the  top  surface.  This  undercutting  causes  the  wells  to  form 
in  rhomboid  shapes  as  shown  in  Figures  4-8,  4-9,  and  4-10.  In  two  of 
the  (110)  combinations  (KOH-DIW-IPA  and  PED-DIW) ,  deep  striations  formed 
on  the  well's  bottom  surface.  These  grooves  would  be  poor  surfaces  to 
bond  to  because  they  are  uneven.  Additionally,  according  to  the 
literature  (12:1178),  (110)  wafers  are  of  poor  crystalline  quality  and 
are  expensive  and  difficult  to  obtain.  For  these  basic  reasons,  the 
combinations  involving  (110)  silicon  are  rejected. 

The  results  establish  that  two  combinations  of  anisotropic  etchants 
and  silicon  wafers  are  superior  to  the  other  four:  the  buffered  KOH  in 
D1W  with  (100)  wafers,  and  the  PED  in  DIW  with  (100)  wafers.  Both 
combinations  use  (100)  silicon  which  yields  square  well  shapes.  The 
sidewalls,  however,  do  not  form  at  the  ideal  90  degree  angle.  The 
etching  stops  at  the  (111)  plane  which  forms  sidewalls  which  are  angled 
50  to  55  degrees  with  respect  to  the  plane  of  the  well's  bottom.  Both 
etchants  yield  medium  silicon  etch  rates,  slow  oxide  etch  rates,  and  the 
ability  to  render  uniformly  smooth  or  slightly  grainy  well  surfaces. 
However,  there  are  advantages  to  using  the  KOH  etchant  compared  to  the 
PED  etchant.  The  PED  etch  frequently  leaves  a  residue  defect  along  the 
edges  of  the  well.  Under  the  optical  microscope,  this  material  appears 
to  be  a  residue  of  the  etch.  However,  after  attempts  to  remove  the 
material  using  buffered  hydrofluoric  acid  and  a  10:1  DIW:tlF  solution, 
the  residue  was  not  removed.  This  residue  is  illustrated  ir.  Figure 


Recommendation.  It  is  recommended  that  the  combination  of  (100) 


silicon  and  the  buffered  KOH  in  deionized  water  etchant  be  used  to 
fabricate  the  final  samples.  It  is  further  recommended  that  quartered 
-  i  r.  c  h  ,  t.  -  done  u  waters  b  <r  s  <.  d  •  s  vb  x  T  r . •.  t  ii’.t  t  v  t.i .  .  T.’ . i  : ;  w . :  t  ^  :  - 

are  recommended  because  of  their  thickness  c  17-22  mils),  dopant  it-vt  1 
(only  mildly  n-doped),  and  the  fact  that  they  are  readily  available. 
After  the  final  samples  were  evaluated,  a  recommendation  will  be  made  in 
Chapter  V  as  to  whether  or  not  this  combination  is  suitable  for  the  HWSI 
process  . 

Die  Attach  Adhesive  Study  Results . 

Seven  die  attach  adhesives  were  tested  for  suitability  in  bonding 
discrete  die  into  the  wells  etched  in  the  WODE  study.  The  results  are 
given  in  the  next  section. 

Study  Results .  A  discussion  of  the  DAA  study  is  given.  The 
results  of  bonding  with  the  three  gold  eutectic  materials  are  presented 
together;  the  organic  adhesives  are  discussed  individually. 

Gold  Eutectic  Materials .  None  of  the  three  eutectic  alloys 
formed  the  desired  bond  between  the  die  and  substrate.  A  multitude  of 
variations  of  the  procedure  were  attempted  to  achieve  successful 
results,  including  repeating  procedures  with  a  focus  on  increased 
cleanliness  and  using  ultrasonic  vibration.  However,  successful  bonds 
were  not  formed. 

Dvnalov  SM  -  200  F.poxv  .  The  Dvr.alov  SM -?<">('  epoxv  was  easy  to 
apply,  and  it  passed  the  pry  test  described  in  Chapter  III.  The  epoxv 's 
low  cure  temperature  is  one  of  its  primary  advantages.  The  SEM 
photographs  are  characteristic  of  the  bonds  obtained  using  the  Dvnalov 
adhesive.  The  bond  appears  to  be  firm  but  displays  a  "swiss  cheese  " 
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effect  (shown  in  Figure  4-12).  However,  the  high  frequency  of  voids  will 
likely  cause  hot  spots  to  form  when  the  IC  is  operating. 

Am icon  ME  - QOQ  Epoxy .  The  Amicon  ME-990  epoxv  was  easy  to 
apply,  and  it  passed  the  prv  test  described  in  Chapter  III.  It  also  has 
a  low  cure  temperature.  The  SEM  photographs  (Figure  4-13)  are  repre¬ 
sentative  of  the  results  found.  The  adhesive  provided  regions  of 
homogeneous  bonding,  as  illustrated  in  Figure  4-13(a).  However,  there 
were  also  areas  of  large,  hollow  cavities  that  formed  near  the  edges  of 
the  die,  which  would  also  likely  yield  unacceptable  hot  spots  under 
functional  ICs  in  Figure  .-13(b).  These  cavities  probably  were  not  due 
to  the  application  method.  Care  was  taken  to  coat  both  the  well  and 
backside  of  the  die,  as  well  as  providing  a  matrix  of  adhesive  dots. 

Most  likely,  the  large  voids  or  cavities  form  as  the  adhesive  shrinks 
during  cure.  This  shrinking  action  causes  the  adhesive  to  cluster  in 
the  center  of  the  bond  leaving  some  of  the  edges  without  adhesive. 


Master  Bond  EP-34CA  Special 


Jue  to  the  necessity  of 


mixing  the  Master  Bond  epoxy  and  the  resulting  viscious  mixture 
produced,  it  was  slightly  more  difficult  to  applv  compared  to  the 
s ingle  -  component  epoxies.  This  disadvantage,  however,  was  not  an 
insurmountable  problem.  One  advantage  of  the  Master  Bond  epoxv  compared 
to  the  single -component  epoxies  was  that  once  it  was  mixed,  it  had  a 
shelf  life  of  over  24  hours.  (Single  component  epoxies  should  be  kept 
frozen  until  just  before  use,  and  the  useful  life  after  thaw  is  limited 
to  a  few  hours.)  The  Master  Bond  epoxy  yielded  a  good  bond  which  passed 
the  pry  test  described  in  Chapter  III.  SEM  micrographs  of  the  bonds 
revealed  that  the  epoxy  produced  a  thick,  homogeneous  bond  with  several 
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Figure  4-12.  Typical  Results  of  Bonding  Die  in  the  Wells  With 
Dynaloy  SM-200  Epoxy.  Both  top  and  bottom  photographs 
illustrate  the  "swiss  cheese"  condition  of  the  adhesive  layer 
after  cure.  The  magnification  factor  of  both  photographs  is 


76. 8X. 
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Figure  4-13.  Typical  Results  o£  Bonding,  Die  in  the  Wells  With 
Amicon  ME  -  990  Epoxy.  a)  Adhesive  could  provide  areas  of 
voidless  bonding,  b)  Generally,  under  the  center  of  the  die, 
large  voids  formed.  The  magnification  factor  of  both 
photographs  is  76. 8X . 
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voids . 


'he  photographs  in  Figure  4- 14  illustrate  the  relative 
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site  and  frequency  of  voids. 

Quantum  Materials  Q_M 
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revealed  that  thin,  homage:.-.  .its  Lends  v>  re  fc-rned  nranv  time.-  wither:: 
vo:  ding,  as  characterized  bv  the  top  photograph  of  Figure  .-I:.  Move  v 


a  t  the  centers  of  many  of  the  die,  a  large  vo .  d  formed,  as  :  1  ius*  rate 
in  the  bottom  photograph  of  Figure  4 -If. 

Summary  of  Die  Attach  Ache  sir-  S  -  udv  R-  •;  ,il ;  s  .  A  sumn  a  rv  chart  <■ 
the  results  of  the  E A.'-  stud;,  is  giver,  in  T<v:le  --III. 

Discussion  of  the  Pesul ;  s  of  t  he  Pi  -  A 1 1  a  r  h  -.dhesj-.-e  Study  .  The 
die  attach  study  sough:  to  determine  which  of  the  sever,  standard  die 
attach  adhesives  were  superior  for  bonding  large  die  within  the  well 
structures.  The  criteria  used  for  making  thi ;  choice  is  presented  in 
text  section,  followed  by  a  discussion  o:  ho*  each  material  satisfied 
the  criteria.  An  optimal  choice  is  recom.me  nev  d . 

Criteria  for  Selec  ting  a  Die  Attach;  Adhesive .  The  obvious 
criteria  for  selecting  a  suitable  die  attach  adhesive  was  that  it  m.us 
be  capable  of  providing  strong  bonds.  Furthermore,  th-  ideal  Candida 
would  have  a  cure  or  processing  temperature  h*  low  250  degrees  Celsius 
be  r-  lativelv  easy  to  applv .  and  have  a  thermal  coefficient  of  e  ar.s 
•orrpnrablv  close  t .  that  of  silicon  I  r  1 ..  ; .  -he  criteria  of  a 

strong  bond  is  the  req-:ire-:r»-nt  that  the  idh-  s  i  ve  t,  reiat  iv<  1  v  f  re  e  <• 
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Figure  4-14.  Tvpical  Results  of  Bonding  Die  in  rhe  Veils  With 
the  Master  Bond  EP-34CA  Special  Epoxy.  a)  Typical  adhesive 
layer,  b)  occurrence  of  small,  infrequent  voids.  The  magnifi¬ 
cation  factor  of  both  photographs  is  76X. 


Figure  ^-15.  Typical  Results  of  Bonding  Die  ir.  the  Wells 
With  the  Quantum  Materials  QMI-2^19  Silver  Glass  Epoxy. 

a)  The  adhesive  could  provide  areas  of  voidless  bonding. 

b)  Under  the  center  of  the  die,  large  voids  formed.  The 
magnification  factor  on  both  photographs  is  76  8X. 


Table  4- III.  Summary  of  the  Results  of  the  Die  Attach  Adhesive  Study 


Adhesion  Quality 


Adhesive 


Pry  Test  SEIM  Photos 

revealed 


Highest 
Ease  of  Process 
Application  Temp. 

(o  C) 


Comments 


AuS  i 

Failed 

Fair 

370 

AuGe 

Failed 

Fair 

356 

AuSn 

Failed 

Fair 

280 

Dynaloy 

SM- 200 

Passed 

Severe  voiding 

Very 

Good 

150 

Amicon 

ME- 990 

Passed 

Large  voids  on 
edges  due  to 
shrinkage 

Very 

Good 

150 

Master 

Bond 

EP34CA 

Special 

Passed 

Low  to  moderate 
amount  of  void¬ 
ing 

Good 

125 

RECOMMENDED 

Quantum 

Materials 

QMI-2419 

Passed 

Large  areas  of 
voiding 

Fair 

435 

Key  To  Comments  On  "Ease  of  Application": 

Very  Good  Opt  im.»l  ease  of  application. 

Good  No;  opt imal .  hut  relatively  easy;  some  mixing  involved  or 

precise  cure  temperature  needed. 

Fair  Inhere;.*  diff icul  t  ies  in  application  or  cure  :  precise  <  or 

schedule,  special  equipment  needed. 

Poor  :  Very  difficult  to  apply  or  cure. 


optimum  adhesive. 

Analys is  of  the  Results .  The  Master  Bond  EP-34CA  Special 
two  -  component  epoxy  yielded  the  best  results  and  is  recommended  for  use 
iti  the  Hybrid  Wafer  Scale  Integration  process.  Of  the  seven  adhesives 
tested,  it  possessed  the  least  voiding  problem.  It's  special  charact¬ 
eristic  of  it  being  matched  to  the  thermal  coefficient  of  expansion 
(T.C.E.)  of  silicon  promises  to  minimize  the  reliability  problems  in 
this  s i 1  icon- to - s i 1 icon  bond.  EP-34CA  Special  epoxy  is  relatively  easy 
to  mix  and  apply,  and  easy  to  solvate  with  acetone.  This  epoxy  is 
thermally  conductive,  electrically  non-conductive ,  and  provides  a  strong, 
reliable  bond.  Another  advantage  to  bonding  the  die  with  this  epoxy  is 
that  the  epoxy  could  also  be  used  for  filling  the  gap  region.  Excess 
epoxy  from  under  the  die  can  be  allowed  to  fill  the  gap.  Once  cured, 
additional  epoxy  can  be  added  to  that  which  is  already  in  the  gap  and 
cured.  The  ability  of  this  epoxy  (which  is  an  electrically  non-conduct- 
ive  material  with  a  silicon  matching  T.C.E.)  to  fill  the  gap  region 
gives  EP-34CA  a  further  advantage  compared  to  the  other  adhesive 
candidates . 

The  gold  eutectic  materials  failed  to  provide  a  reliable  bond.  It. 
is  likely  that  without  a  scrubbing  action  and  an  inert  bonding 
environment,  the  native  oxide  forming  on  the  .silicon  will  not  be 
suf f iciental lv  disturbed  to  allow  the  bond  to  form  (35).  Ultrasonic 
vibration  did  not  have  the  intended  effect  on  the  bonding  process  which 
was  to  provide  an  alternate  technique  to  achieve  a  scrubbing  action. 

The  single-component  epoxies  provided  adequate  bonding  but  were 
p 1  ague  cl  with  excessive  voiding.  Possibly,  the  Dvnaloy  epoxv  out  gasses 
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and  the  small  voids  are  a  result  of  trapped  gas  pockets.  The  Amicon 
epoxy  yielded  large  void  cavities  that  are  attributed  to  shrinkage 
during  cure. 

The  silver  glass  adhesive  provided  reliable  bonding,  but 
occasionally,  large  voids  were  present.  This  fact  and  its  high 
processing  temperature  make  it  a  poor  choice  for  the  process.  The 
processing  temperature  (435  degrees  Celsius)  could  cause  the  electrical 
characteristics  of  VLSI  die  to  be  changed. 

Recommended  Adhes ive .  The  Master  Bond  EP-34CA  Special 
two  -  component  epoxy  is  recommended  for  use  in  the  fabrication  of  final 
samples.  After  review  of  its  performance  in  actual  working  samples,  a 
recommendation  will  be  made  regarding  its  suitability  in  the  HWSI 
process.  This  recommendation  will  be  made  in  Chapter  V. 


l 
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Fabrication  Of  Samples  For  Electrical  Testing 

The  third  phase  of  this  research  involved  the  fabrication  of 
samples  that  demonstrated  and  validated  the  goals  of  the  HWSI  scheme 
(Chapter  I,  Problem  Statement).  Using  the  silicon  wafer  orientation 
and  etchant  combination  recommended  from  the  WODE  study  ((100)  silicon 
wafers  and  Buffered  KOH  in  DIW  etchant),  and  the  die  attach  adhesive 
recommended  in  the  DAA  study  (Master  Bond  EP-34CA  Special),  test  samples 
were  fabricated.  Next,  the  gaps  regions  were  filled  with  the  Master  Bond 
EP-34CA  Special  epoxy,  and  the  wafers  were  conformally  planerized  with 
the  Merck  Selectilux  HTR  3-200  polyimide.  Vias  from  the  top  surface 
of  the  polyimide  layer  to  the  bonding  pads  on  the  die  were  formed 
before  curing  the  polvimide.  After  cure,  the  wafers  were  coated  with  a 
thin  film  of  aluminum  which  was  subsequently  patterned  into  discrete 
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conductors  using  standard  processing  techniques.  After  annealing  the 
conductors,  the  samples  were  ready  for  evaluation. 

Details  on  the  results  of  the  processing  steps  outlined  above  are 
given  in  the  next  section.  Several  minor  experiments  were  carried  out 
determine  the  optimal  processing  materials,  techniques,  and  temper¬ 
atures.  The  results  of  these  experiments  are  also  discussed. 

Preparation  of  Die,  The  procedure  used  to  fabricate  mountable 
integrated  circuit  die  was  successful.  Six  silicon  wafers  (16  die  per 
wafer)  were  processed  without  any  failures,  resulting  in  96  die 
fabricated  with  edge  dimensions  of  197  mils  by  197  mils,  and  a 
thickness  of  8.7  +  0.3  mils.  A  typical  die  is  illustrated  in  Figure 
4-16.  A  random  continuity  check  of  15  die  (3  conductors  per  die) 
revealed  no  conductor  failures  (such  as  open  conductors)  and  virtually 
zero  resistance  for  each  conductor. 

Etching  of  ( 100)  Wafers .  The  results  of  etching  the  substrates 
for  the  HWSI  samples  are  discussed  in  the  next  section. 

Etching  of  Wafers  for  Final  Samples .  Twenty- four  quartered 
3- inch  wafers  were  etched  yielding  a  stock  for  further  processing.  The 
desired  well  depth  was  246  microns  (9.7  mils).  After  etching  the  wafer 
for  4  hour1'  and  21  minutes,  the  etching  process  was  terminated.  The  we 
depths  were  measured  with  an  optical  microscope  and  found  to  be  con¬ 
sistently  244  +  1  microns  (9.64  +  0.04  mils).  The  etch  rate  was  calcu¬ 
late;  d  to  be  0.94  microns  per  minute. 

Many  of  the  etched  wafers  yielded  well  surfaces  that  were  very 
smooth  and  mirror- like,  as  observed  in  the  WODE  study  (Figure  4-7). 
After  evaluation  (reported  in  next  section),  these  quality  wafers  (12 
24  or  30%  were  rated  quality  wafers)  were  held  in  storage  for  later  us 
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Figure  4-16.  Mountable  Integrated  Circuit  Die  Use.,  to 
Prepare  the  Final  Samples.  Each  die  has  three  aluminum 
conductors  with  bonding  pads.  The  die  is  197  mils  by  197 
rails  square.  The  magnification  factor  is  3X. 
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in  the  preparation,  of  the  final  samples.  Other  wafers  had  etching 


defects,  best  described  as  miniature  pyramids,  on  the  well's  bottom 
surface  with  heights  of  1-2  mils.  These  defects  are  illustrated  in 
Figure  4-17.  Many  times,  the  defect  only  affected  one  or  two  of  the 
wells  on  a  wafer.  These  were  classified  as  slightly  defective  (7  of  2.4 
or  29%)  and  stored  for  use  in  later  processing  experiments.  The  wafers 
which  had  multiple  pyramid  defects  on  more  than  three  wells  were 
classified  as  defective  (5  of  24  or  21%)  and  stored  with  no  intention  o 
using  them  for  future  work. 

Evaluation  of  the  Results .  The  results  of  the  well's  top 
surface  edge  length  dimensions  (made  on  six  randomly  chosen  quality 
wafers)  are  given  in  Table  4- IV. 

The  accuracy  of  the  measurements  is  restricted  by  the  Coordinato- 
graph  (reported  to  be  ±  1  mil)  The  results  show  that  the  wafers 
consistently  have  internal  well  dimensions  of  sufficient  size  to 
accommodate  the  197  mil  square  die. 

Die  Attach  Procedure .  Using  the  technique  described  in  Chapter  III 
a  lot  of  six  wafers  with  six  bonded  die  was  fabricated.  During  several 
of  the  earlier  attempts  to  fabricate  the  test  samples,  the  glass  and 
weight  were  allowed  to  remain  in  position  too  long  (more  than  5 
minutes).  As  epoxy  filled  the  gap  region  and  began  to  cure,  it  caused 
the  glass  and  wafer  to  be  bonded  together,  and  thus,  the  sample  was 
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Figure  4-17.  Pyramid  Defects  Which  Occur  When  Etching  (100) 
Silicon.  The  etchant  was  a  mixture  of  potassium  hydroxide, 
deionized  water,  and  isopropyl  alcohol  heated  to  80  degrees 
Celsius.  The  arrow  indicates  a  cluster  of  defects.  Note  that 
these  defects  occur  in  some  wells,  but  not  in  adjacent  wells. 
The  magnification  factor  is  3X. 
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Table  4- IV.  Evaluation  of  the  Well  Bottom's  Edge  Length 


Wafer 

Number 


WELL 

NUMBER 

1 

2 

3 

4 

5 

6 

202/201 

203/202 

202/202 

202/202 

203/202 

201/202 

201/201 

201/202 

202/202 

202/201 

201/202 

202/202 

202/202 

202/203 

202/201 

200/201 

202/201 

201/202 

203/203 

204/203 

203/204 

203/203 

203/204 

203/204 

200/201 

201/201 

201/201 

201/200 

201/202 

201/201 

201/202 

202/201 

202/201 

202/201 

202/201 

201/202 

Measurements  in  mils. 

The  estimated  accuracy  of  the  measurements  is  +  1  mil. 


Evaluation  of  the  Master  Bond  EP - 34CA  Special 


as  a  Gap 


Filler.  The  procedure  to  fill  the  gap  with  the  Master  Bond  EP-34CA 
Special  epoxy  was  found  to  be  adequate  to  fill  at  least  75%  of  the 
gap's  volume.  Figure  4-1Q  illustrates  a  tvpical  amount  of  fill  rendered 
by  this  procedure  after  it  was  accomplished  twice.  Due  to  epoxy 
shrinkage,  a  meniscus  formed  at  the  top  surface  of  the  epoxv.  The 
photographs  in  Figure  4-19  also  reveal  voiding  in  gap's  volume. 

Finally,  the  cross-sectional  photographs  reveal  that  the  gap  filling 
procedure  is  moderately  successful  in  providing  a  smooth  surface  upon 
which  the  polyimide  can  be  applied. 


Effect  of  Processing  Temperature  on  Further  Process  Steps .  The 
purpose  of  this  experiment  is  to  observe  the  effects  of  heat  on  the 
adhesive  layer.  The  samples  were  tested  at  temperatures  above  the 
recommended  125  degrees  Celsius  cure  temperature  in  three  steps.  The 
samples,  designated  A  and  B  (chosen  at  random  from  the  lot  of  wafer -die 
assemblies),  were  used  in  this  experiment.  The  procedure  implemented 
was  described  in  Chapter  III  in  the  sub-section  "Effect  of  Processing 
Temperature  on  Further  Process  Steps".  Table  4-V  summarizes  the  results 
of  the  first  and  second  experiments. 

The  results  of  the  initial  experiment  indicates  that  the  die  shifts 
or  rises  out  of  its  original  position  when  subjected  to  a  350  degree 
Celsius  environment,  even  when  the  glass  and  weight  are  pressing  down  on 
the  die.  The  shifts  are  relatively  large  (from  50  to  170  microns,  or  2 
to  7  mils),  and  they  are  unacceptable  for  this  project.  It  was  concluded 
that  the  highest  tolerable  processing  temperature  spanned  125-350 
degrees  Celsius.  Also  noted,  is  the  fact  that  for  each  die,  a  30  to  50 
micron  delta  measurement  already  existed.  This  further  indicates  that 
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Table  4-V.  Effect  of  Processing  Temperature  on  Sample  A. 


Temperature 

Location 

on 

Wafer 

(  see 

Figure  3- 

10) 

Cycle 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Initial 

30 

40 

40 

30 

40 

30 

50 

40 

30 

40 

40 

50 

After  1st 

350  degrees 
test 

no 

no 

90 

130 

90 

100 

140 

210 

105 

100 

no 

no 

After  2nd 

350  degrees 
test 

100 

130 

90 

130 

90 

100 

140 

205 

100 

100 

no 

120 

All  measurements  in  microns  and  rounded  to  the  nearest  5th  micron. 


even  with  the  gLass  and  weight  in  place,  sufficient  pressure  aceumul 
under  the  die  to  cause  it  to  rise  slightlv  while  curing.  "be  3ai  di-gin  i 
Celsius  temperature  seems  to  aggravate  the  problem. 

In  the  second  experiment,  the  test  samples  were  exposed  to  the  ‘ 
degree  Celsius  environment  without  the  cover  glass  and  weigh: .  The 
significant  result  of  this  experiment  was  that  the  die  did  not  shift 
further  out  of  the  positions  they  were  in  at  the  end  ot  the  tirst  test 

In  the  third  experiment,  another  sample  (B)  was  placed  in  an  ov.  : 
whose  temperature  was  150  degrees  Celsius,  The  temperature  was  incn  , s. 
in  steps  of  25  degrees  Celsius,  up  to  350  degrees  Celsius,  The  sairpl. 
remained  at  each  temperature  for  30  minutes,  and  then  was  removed  from 
the  oven  and  allowed  to  cool.  Then,  the  delta  measurements  were  falter, 
using  the  optical  microscope.  The  results  of  this  experiment  are  given 
in  Table  4-VI  and  Figure  4-20.  These  results  show  that,  at  temperatures 
between  125  degrees  and  200  degrees  Celsius,  the  adhesive  Inver  actn.il 1 
shrinks.  This  fact  was  discovered  bv  averaging  the  measurements  taken  < 
the  delta  measurements  at  a  specific  temperature .  Above  200  degives .  '! 
die  began  to  rise  in  relation  to  their  original  position  after  cure. 
Between  200  and  350  degrees  Celsius,  the  die  rose  an  average  of  /() 
microns  above  their  original  positions.  Arbitrarily,  the  criteria  for 
setting  the  maximum  processing  temperature  was  determined  to  he  the 
temperature  at:  which  the  die  shifted  bv  no  more  than  10*  of  this  amount 
or  /'  microns  (that  is.  the  t  emperat  uiv  is  approximately  250  degrees 
Celsius).  Consequent  1  v .  the  maximum  processing,  temperature  was  chost  n 
to  he  2)0  degrees  Celsius. 


150  175  200  225  250  275  300  325  350 
Temperature  (degrees  Celsius) 


Figure  4-20.  Results  of  the  Test  to  Determine  the  Effect  of 
the  Processing  Temperature  on  the  Shift  of  a  Die  in  It's  Well. 
The  graph  shows  that  above  250  degrees  Celsius,  the  die  shifts 
(rises)  in  the  well  by  7  microns  (10%  of  total  70  micron 
shift) . 


App  1  ic  a  t  i  oil  of  Pho  t  osfiis  i  t  i  ye  Poi  vimide  as  a  Planar  i  z  in 


IiKer- Me  t a  I  Insulator .  The  photosensitive  polvimide  was  easy  to  applv. 
and  it  vielded  excellent  results  for  planarizing  the  surface  of  the 
Ha'S  I  test  samples. 

Via  Fabr  icat  ion  Expe  r  i  merit  .  The  via  fabrication  experiment 
sought  to  determine  the  optimal  proximity  printing  distance  to  realize 
sloping  side  walls.  The  processing  of  the  wafers  for  the  via  fabricatir 
experiment  was  successful,  and  the  results  are  presented  in  Table  4-Y1I 
The  results  of  this  experiment  show  that  the  optimal  proximity 
distance  is  2  -/  mils.  Micrographs  of  one  of  the  vias  resulting  from 
each  proximity  distance  evaluated  are  presented  in  Figures  4-21  and 
4-22.  The  results  demonstrate  that  annealing  after  evaporation  and 
patterning,  yields  a  more  reliable  electrical  contact  at  the  vias. 
Therefore,  annealing  at  250  degrees  Celsius  is  recommended. 

Application  of  the  Polvimide.  The  polvimide  was  applied  to 
six  final  samples.  The  thickness  after  cure  for  all  of  the  samples  was 
approximately  10  microns.  The  cure  temperature  was  limited  to  250 
degrees  Celsius.  It  is  recognized  that  this  fact  could  potentially  caus 
reliability  problems.  Figure  4-23  depicts  a  chart  which  shows  the  degre 
of  imidization  of  the  polyimide  versus  the  cure  temperature  (30:6).  The 
chart  shows  that  for  a  250  degree  Celsius  cure,  an  83-85%  imidization 
occurs.  This  degree  of  imidization  seems  to  achieved  at  the  temperature 
of  200  to  350  degrees  Celsius.  The  choice  of  a  250  degree  Celsius  curt 
temperature  (rather  than  a  lower  200  to  225  degree  Celsius  cure  temp¬ 
erature)  assures  that  at  least  this  degree  of  imidization  takes  place. 
Incomplete-  imidization  leaves  moisture  in  the  layer  which  may  cause 
long-term  reliability  problems.  The  effect  of  higher  temperatures  on  :h 
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Table  4-VII.  Results  of  the  Via  Fabrication  Experiment. 


Proximity  Distance 

Number  of  Vias 

Which  Conducted 

Percentage 
of  Conducting  Vias 

0  mils  (before  anneal) 

14  of  36 

38.9% 

0  mils  (after  anneal) 

21  of  36 

58.3% 

13.5  mils  (before  anneal) 

22  of  35 

62.8% 

13.5  mils  (after  anneal) 

24  of  35 

68.6% 

27.0  mils  (before  anneal) 

25  of  36 

69.4% 

27.0  mils  (after  anneal) 

30  of  36 

83.3% 

40.5  mils  (before  anneal) 

21  of  32 

65.6% 

40.5  mils  (after  anneal) 

26  of  32 

81.2% 

Vv  *.  s  *» 


□ 


Figure  4-22.  Micrograph  of  a  Via  Exposed  With  a  Proximitv 
Distance  of  27.0  mils  (a)  and  40.5  mils  (b). 

The  magnification  factor  of  both  photographs  is  3 / 5X . 


samples  was  investigated  in  the  evaluation  phase  of  this  research 

project.  Figure  U-2 U  shows  ci'oss-secrior.al  SEM  photographs  of  the  gap 
regions  of  the  test  samples  coated  with  Selectilux  HTR  3-200.  The  top 

r  he  rot’r.-spr.  shows  a  sample  v:  t  h  m  « I  I  d*.  i  ta  t<  asuremer.:  .  : 

bet  tom  photograph  shows  a  sample  with  a  larger  delta  measurement  For 
both  situations,  the  degree  of  planarization  is  adequate  to  provide  a 
smooth  surface  for  metal  conductors  to  transition  from  the  support 
sub>- ra*e  to  the  die. 

Metallization  of  Samples.  Following  the  deposition  of  the 
polvimide  layers  on  the  six  final  samples,  the  focus  turned  to 
evaporating  a  th  n  film  of  aluminum  on  each  sample  and  patterning  the 
film  into  discrete  conductors .  The  standard  process  of  evaporating 
aluminum  is  presented  in  Appendix  G.  Before  the  final  samples  were 
metallized  and  patterned,  the  photoresist  and  aluminum  anneal  experiment 
was  accomplished,  and  the  results  are  given  below. 

Photoresist  and  Aluminum  Anneal  Experiment .  This  experiment 
was  carried  out  to  determine  whether  annealing  had  an  appreciable  effett 
on  the  conductivity  of  the  aluminum  thin  films.  The  via  fabrication 
experiment  clearly  demonstrated  the  advantage  of  annealing  for  improving 
via  conductivity.  This  experiment  also  had  the  goal  of  determining  ttu- 
superior  photoresist  (positive  or  negative)  for  this  process. 

After  the  metal  was  evaporated  onto  the  samples,  the  sheet 


resistance  of  each  sample  was  measured.  Samples  A  and  C  were  then 
annealed  at  350  degrees  Celsius,  cooled,  and  the  sheet  resistance 
measurement  was  re - accompl ished .  The  sheet  resistance  measurements  are 
presented  in  Table  4  -  V 1 1 1 . 
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There  was  essentially  no  change  in  the  sheet  resistance  as  a 


result  of  annealing  the  aluminum.  The  changes  were  on  the  order  of  one 
part  in  100,000. 

The  samples  were  coated  with  the  photoresists  (positive  resist  for 
samples  A  and  B;  negative  resist  for  samples  C  and  D) ,  exposed,  and  the 


aluminum  was  etched.  The  etching  time  was  10  minutes.  The  resulting 
metal  patterns  were  examined  visually,  and  a  continuity  check  was 


performed  on  the  conductors.  All  of  the  conductors  on  all  four  samples 


had  a  resistance  value  of  0.5  +  0.1  ohms.  Samples  A  and  B  (positive 
photoresist)  had  defect-free,  sharply-patterned  conductors.  In  contrast 
samples  C  and  D  had  conductors  with  rough,  ill-defined  edges.  It  was 
clear  that  the  positive  resist  held  the  greatest  promise  for  use  in  the 
photolithography  steps  of  the  metallization  and  etch  process. 

Metallization  of  the  Final  Samples .  Using  the  results  of  the 
photoresist  and  aluminum  anneal  experiment  described  in  the  prior 
section  (results  reported  in  Chapter  IV),  the  final  test  samples  were 
metallized  and  etched  to  delineate  the  metal  conductors.  The  test 
samples  were  metallized  using  the  thermal  evaporation  technique;  this 
procedure  is  described  in  Appendix  G.  Six  test  samples  were  metallized 
in  two  groups  of  three.  The  first  group  of  three  had  an  aluminum 
thickness  of  2.2  microns.  The  second  group  had  an  aluminum  thickness  of 


2.1  microns.  Following  the  aluminum  evaporation,  the  samples  were 
annealed  at  250  degrees  Celsius  for  30  minutes. 

Patterning  the  Final  Samples .  Following  the  anneal  process, 
the  thin  film  of  aluminum  was  patterned  to  define  discrete  conductors. 
To  achieve  this  step,  the  aluminum  that,  was  to  remain  as  the  conducting 
path  needed  to  be  protected  from  the  etchant.  This  requirement  was 
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first  etching  attempt,  one  group  was  accidentally  overetched,  and  tin- 
samples  were  lost.  The  second  group  (metal  thickness  of  2.1  microns')  w 
successfully  etched.  No  additional  etching  problems  were  encountered. 

Removal  of  the  Photores i s t .  Losolin  was  used  to  remove 
the  triple  coat  of  photoresist  from  the  remaining  three  samples.  It  wa 
found  to  quickly  and  safely  remove  the  resist  without  altering  the 
underlying  polyimide  or  aluminum. 

Evaluation  of  the  Final  Samp les . 

Three  final  test  samples  (referenced  as  A,  B,  and  C)  were 
successfully  prepared  using  the  procedures  described  in  the  previous 
section.  In  order  to  determine  the  effectiveness  of  the  entire 
fabrication  process,  these  samples  were  subjected  to  several  elect rica 
and  thermal  tests.  The  results  of  these  tests  are  described  in  the 
next  section. 

Continuity  Test .  The  results  of  the  continuity  test  are  presented 
in  Table  4  -  IX . 

Mean-Time-To-Failure  Tests .  Two  mean - 1 i mo  -  to - f a i lure  tests  were 
performed:  one  at  room  temperature  (20  degrees  Celsius)  and  the  other 
150  degrees  Celsius.  Both  lasted  for  At)  hours  duration,  A  1  k!l:t  unipo¬ 
lar  square  wave  with  a  peak  current  of  approx  •  mat  »•  1  v  A  i  mi  Mi-  amp.  r< 
was  passed  through  each  circuit  The  room  t  eu-pei  at  ur<  test  produced 
three  failures.  Since  t  here  were  1 A  e.rlv  failures  <  a  <,  observed  in  t  in 
results  of  the  continuity  testi.  tin  thr.  <  failures  r.-pia-s*  r.t  of  '.v' 

a  8.7  failure  percentage.  The  results  of  this  test  are  sumn i i red  it' 
histogram  form  in  Figure  4-75.  The  1  >0  degree  Celsius  test  ..Iso  r<-su  1  • 
in  three  failures.  Since  ]')  circuits  had  fail.  T  prior  to  this  test,  tie 
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Number  of  Failures 


three  failures  represent  3  of  35  or  an  8.6  percent  failure  rate.  The 
results  of  this  test  are  illustrated  in  Figure  4-26. 

High  Temperature  Tests.  These  tests  sought  to  determine  the  efle 
of  high  Temperature  or.  the  r  ■->!  v :  m ■:  ,U  .  ar.d  thus,  the  resulting  offer  - 
*  •  *<.-  ■conductivity  c»l  t  [:<■  cgticc.c  Tors  across  ihi-  subs  t  i\it  c  - 1  c*  -  tii  ».■  ‘  • 

it  ion  and  in  the  vias.  The  results  of  these  tests  are  discussed  belo\ 

Rapid  Temperature  Increase  Test  .  The  purpose  of  this  test  v. 
to  observe  the  results  of  subjecting  one  sample  to  a  rapid  temperatur 
increase.  Sample  C  was  placed  on  a  hotplate  calibrated  to  350  degrees 
'"elsius.  Within  30  seconds  of  placing  the  sample  on  the  hot  plate,  t 
polvimide  layer  began  to  bubble  sever.  Iv.  Large  areas  of  the  polvimiri 
coat  ir.g  .'along  with  the  aluminum  conductors!  separated  from  the  surfa 
of  the  sample.  A  photograph  of  this  sample  is  shown  in  Figure  4-27. 

Ramped  Temperature  Test .  The  purpose  of  this  test  was  to 
observe  the  results  of  gradually  heating  a  sample  to  350  degrees.  Sam 
A  was  placed  in  a  forced  air  oven  set  at  175  degrees  Celsius  for  30 
minutes,  removed,  and  inspected.  The  sample  was  then  returned  to  the 
oven  which  had  its  temperature  increased  by  25  degrees  Celsius.  The 
sample  remained  at  this  elevated  temperature  for  30  minutes,  was 
removed,  and  inspected.  This  routine  was  repeated  until  the  oven 
temperature  reached  the  350  degrees  Celsius  level.  The  results  of  the 
test  are  presented  in  histogram  format  in  Figure  4-28.  Three  addition 
failures  occurred  during  this  test  (one  at  275  degrees  Celsius  and  2 
325  degrees  Celsius). 

High  Temperature  F.ndurance  Test  .  The  purpose-  of  this  test  w 
to  determine  the  results  of  leaving  the  slowlv  heated  sample  (sample 
from  the  last  test)  at  350  degrees  Celsius  for  a  period  longer  than  3 


Number  of  Failures 


'A’*. 


Figure  4-26.  Histogram  Showing  Results  of  the  150  Degree 
Celsius  Mean  Time  to  Failure  Test.  Nineteen  failures  had 
occurred  before  the  test.  Three  failures  occurred  during 
the  test.  The  time  of  each  failure  is  indicated. 
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Figure  4-27.  Photograph  of  Sample  "C"  After  the  High  Rate  of 
Temperature  Increase  Test.  Within  30  seconds,  the  polyimide 
coating  had  bubbled  severely.  The  magnification  factor  is  2X. 


tSw? 


175  200  225  250  275  300  325  350 
Temperature  (degrees  Celsius) 

Figure  4-28.  Histogram  Showing  the  Results  of  the  Ramped 
Temperature  Test.  Three  failures  occurred  during  the  test.  The 
temperature  at  which  each  failure  occurred  is  indicated. 
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minuCes.  After  sample  A  had  reached  the  350  degree  Celsius  level  during 
the  previous  test,  it  was  left  at  that  temperature  fur  It  hours 
sample  was  periodically  removed  from  the  oven  at  1.  2.  a.  6.  8,  and  15 

h <’■  trs  '.ittr.it  tor. .  .it . c i  its  c oitd i  1 1  o n  va o t  :  -  r v -t c  . • '  r t. r *  t  r  t  .i  t  .  : .  ■  • 
occurred  during  the  prolonged  exposure  to  ::  e  1.  '•  derive  ielsius 
temperature.  A  photograph  of  sample  A  after  this  test  is  presented  in 
Figure  4- 29 . 

Faul t  Analysis  of  The  Final  Samples .  To  evaluate  the  effectiveness 
of  the  process,  it  was  important  to  understand  how  the  samples  failed, 
and  how  often  anv  particular  failure  mode  occurred.  The-  results  of  ti.i 
failure  analysis  are  given  in  the  next  section. 

Possible  Faults .  There  are  two  key  areas  where  most  circuit, 
failures  could  occur: 

1.  At  the  "gap”  region  where  the  aluminum  conductors  make  a 
transition  from  the  surface  of  the  support  substrate  to  the  surface  of 
the  mounted  die,  and 

2.  Breaks  in  the  conductor  occur  at  the  vias.  At  the  transition 
region,  breaks  in  the  aluminum  conductor  resulted  in  an  open  circuit. 
Likewise,  vias  may  not  conduct  due  to  steep  sloping  sidewalls  and 
insufficient  conductor  coverage. 

Statist  leal  Ana  1  vs  i  s  o  f  Faul  t  Jc  .  ■;  er.ee  .  Each  tailed  circuit 
or.  the  three  final  samples  was  probed  to  determine  the  exact  location  ot 
the  fault  causing  the  circuit  to  failure  Tin  results  of  this  test  ,.:u 
given  in  Table  4-X  where  each  circuit  is  1 i  ted  along  with  the  cause  ■>; 
failure  (if  appropriate).  Table  4-XI  is  a  statistical  breakdown  of  the 
results  of  the  evaluation  of  the  final  samples.  Tables  4-XII  and  4-X111 
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Table  4-X.  Results  of  the  Fault  Analysis. 


SAMPLE 


LJS.OU l i 

A 

B 

C 

1 

Passed 

Via  (b) 

Gap  (a) 

2 

Gap  (b) 

Passed 

Gap  (a) 

3 

Passed 

Passed 

Gap  (a) 

4 

Gap  (a) 

Via  (both) 

Gap  (a) 

5 

Passed 

Passed 

Gap  (a) ,Via  (b) 

6 

Passed 

Passed 

Gap  (a) 

7 

Gap  (a) 

Via  (both) 

Gap  (a) 

8 

Gap  (both) 

Via  (both) 

Passed 

9 

Gap  (b) 

Via  (both) 

Gap  (both) 

10 

Passed 

Gap  (a) 

Passed 

11 

Gap  (b) 

Accidental 

Gap  (a) 

12 

Passed 

Accidental 

Passed 

13 

Passed 

Passed 

Passed 

14 

Passed 

Via  (a) 

Gap  (b) 

15 

Gap  (a) 

Via  (a) 

Gap  (a) 

16 

Passed 

Passed 

Passed 

17 

Passed 

Passed 

Passed 

18 

Passed 

Passed 

Gap  (a) 

Passed:  Circuit  survived  all  tests. 

Gap  (  ):  Failure  occurred  at  the  gap  indicated  in  the  parenthesis. 

Via  (  ):  Failure  occurred  at  the  via  indicated  in  parenthesis. 
Accidental:  Failure  occurred  due  to  accidental  loss. 

The  letter  "a"  in  parenthesis  indicates  the  first  gap  or  via  encountered 
in  the  circuit;  the  letter  "b"  indicates  the  second  gap  or  via. 
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Table  4-XI.  Statistical  Analysis  of  the  Three  Test  Samples 


Failure  Category 

SAMPLE 

TOTALS 

A 

B 

C 

Early  Failures 

3  of  18 

7  of  18 

6  of  18 

16  of  54 

Percent  of  Early  Failures 

16.7% 

38 . 9% 

33.3% 

29.6% 

Failures  -  Accidental  Loss 

0  of  15 

2  of  11 

0  of  12 

2  of  38 

Percentage  Failed-Acc idents 

0.0% 

11.1% 

0.0% 

5.3% 

Failures  -  20  Degree  Test 

1  of  15 

0  of  9 

2  of  12 

3  of  36 

Percent  Failed: 

(in  relation  to  remainder) 

6.7% 

0.0% 

16.7% 

8.3% 

(in  relation-original  total) 

5.6% 

0.0% 

11.1% 

5.6% 

Failures  -  150  Degree  Test 

0  of  14 

1  of  9 

2  of  10 

3  of  33 

Percent  Failed: 

(in  relation  to  remainder) 

0.0% 

11.1% 

20.0% 

9.1% 

(in  relation-original  total) 

0.0% 

5.6% 

11.1% 

5.6% 

Failures  -  350  Degree  Test 

3  of  14 

N.A. 

2  of  8 

5  of  22 

Percent  Failed: 

(in  relation  to  remainder) 

21.4% 

N .  A . 

25.0% 

22  .  7% 

(in  relation-original  total) 

16  .  7% 

N.A. 

11.1% 

9  .  3% 

Survived  All  Tests 

11  of  18 

8  of  18 

6  of  18 

25  of  54 

Percent  Surviving  All  Tests 

(in  relation-original  total) 

61.0% 

44.4% 

33.3% 

46.3% 

1 


Failure  Category 

SAMPLE 

TOTALS 

A 

B 

— 

C 

Early  Failures 

Percent  of  Early  Failures 

3 

of  18 
16.7% 

7  of  18 
38.9% 

6  of  18 
33.3% 

16  of  54 
29.6% 

Failure  due  to  cracks  in 
metallization  on  one  gap 
Percentage 

3 

of  3 
100% 

0  of  7 
0.0% 

5  of  6 
83.3% 

8  of  16 

50.0% 

Failure  due  to  cracks  in 
metallization  on  both  gaps 
Percentage 

0 

of  3 
0.0% 

0  of  7 
0.0% 

1  of  6 
16.7% 

1  of  16 

6.3% 

Failure  due  to  no 
conduction  at  one  via 
Percentage 

0 

of  3 
0.0% 

2  of  7 
28.6% 

0  of  6 
0.0% 

2  of  16 

12.5% 

Failure  due  to  no 
conduction  at  both  vias 
Percentage 

0 

of  3 
0.0% 

A  of  7 
57.2% 

0  of  6  : 

0.0% 

4  of  16 

25.0% 

Failure  due  to  breaks 
in  both  a  gap  and  a  via 
Percentage 

0 

of  3 
100% 

1  of  7 
0.0% 

0  of  6 
83.3% 

1  of  16 

6  .  3% 

SAMPLE 

TOTALS 

Failure  Category 

A 

B 

C 

Failures  During  Test 

4  of  15 

3  of  11 

6  of  12 

13  of  38 

Percent  of  Early  Failures 

26.7% 

27.3% 

50.0% 

34.2% 

Failure  due  to  cracks  in 

metallization  on  one  gap 

2  of  4 

0  of  3 

6  of  6 

9  of  13 

Percentage 

50% 

0.0% 

100% 

69.2% 

Failure  due  to  cracks  in 

metallization  on  both  gaps 

2  of  4 

0  of  3 

0  of  6 

2  of  13 

Percentage 

50% 

0.0% 

0.0% 

15.4% 

Failure  due  to  no 

conduction  at  one  via 

0  of  4 

0  of  3 

0  of  6 

0  of  16 

Percentage 

0.0% 

0.0% 

0.0% 

0.0% 

Failure  due  to  no 

conduction  at  both  vias 

0  of  4 

0  of  3 

0  of  6 

0  of  16 

Percentage 

0.0% 

0.0% 

0.0% 

0.0% 
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are  analyses  of  che  early  failures  and  the  failures  which  occurred 
during  the  mean- 1 ime - to - fai lure  tests. 

Scanning  Electron  Microscopy  of  the  Faults .  Micrographs  from 

illustrate  several  o  i  t  hie  typical  faults.  t 1  g  v  re  is  u  m  i  c  r  o  r  *:  i  :  * 

final  test  sample  B.  Figures  4-31  and  -4-32  illustrate  the  typical  fault 
of  a  break  in  the  metal  conductor  at  the  transition.  The  arrows  point  to 
the  breaks  which  are  observed  to  occur  frequently  at  the  edge  of  the 
die.  The  two  micrographs  in  Figure  4-33  illustrate  the  sharp  edges 
(arrows)  where  the  metal  conductors  fail  to  transition  when  the 
poiyimide  layer  fails  to  properly  planarize  the  surface.  Figure  4-34 
illustrates  a  failure  at  a  via.  Cracks  occur  at  the  bonding  pad  as  shown 
by  the  arrows.  Finally,  defects  occurring  on  the  aluminum  conductors 
are  shown  in  Figure  4-35. 

Discussion  of  the  Test  Results .  Three  final  samples  were  eval¬ 
uated.  As  a  result  of  the  initial  continuity  test,  it  was  determined 
that  the  samples  differed  in  quality.  Sample  A  had  a  strong  82.3%  yield. 
Sample  C  was  second  best  with  a  yield  of  66.7%  and  sample  B  was  last  at 
61.1%. 

Early  Failures.  All  of  the  circuits  that  were  found  to  have 
infinite  resistance  (continuity  test)  were  labeled  "early  failures" 

There  were  16  (of  54  circuits)  early  failures  or  29.6%  of  the  circuits. 
During  the  fault  analysis  'Table  4-XII),  the  causes  of  these  early 
failures  were  determined.  A  net  56.3%  of  these  earlv  failures  were  due 
to  a  failure  in  the  metal  conductor  as  it  crossed  one  or  both  of  the  gap 
regions  or  gap  transitions.  As  seen  in  Figure  4-31  and  Figure  4-32, 
cracks  form  along  che  width  of  the  conductor.  This  fault  typically 
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Figure  4-30.  Photograph  of  Sample  "B"  After  All  Tests. 
The  magnification  factor  is  1.66X. 
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Figure  4-31.  SEM  Micrographs  of  the  Conductor  Breaks  Which 
Typically  Occur  at  the  Gap  Region.  (The  arrows  clearly  mark 
the  break  in  the  metal.)  The  magnification  factor  is  325X. 
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Figure  4-32.  SEM  Micrograph  of  the  Conductor  Breaks  Which 
Typically  Occur  at  the  Gap  Region  (The  arrows  clearly  mark 
the  break  in  the  metal.)  The  magnification  factor  is  126X 


4-64 


p^swssr!?. 


Which  Typic; 
;  the  break  : 


,ure  4-3 
ects  of 
,ni  f  icat 


occurs  at  the  edge  of  the  die.  It  is  speculated  that  if  the  delta 


separation  is  large,  the  polvimide  fails  to  properlv  planarir.e  the 
sample's  surface.  Figure  4-33  shows  how  these  sharp  discontinuities  vil 
causa  the  total  coverage  to  be  thin  or  a.  ■  o  x  i  s  t  er.t  at  t:.>.  d  i  •.•  cl  »•  < 
thus,  the  circuit  is  open.  The  remainder  ( 3  .  '  ?  >  of  the  faults  ■*■«.■  iv  d 
to  problems  at  the  vias.  Figure  4-34  illustrates  how  breaks  occur  in  t'r. 
aluminum  at  the  interface  of  the  bonding  pad  to  the  via  metal.  It  is 
surmised  that  the  breaks  could  be  caused  by  either  improperly  sloping 
the  via  walls,  or  by  contamination  on  the  bonding  pads  of  the  die.  It  i 
noteworthy  that  almost  all  of  the  earlv  failures  in  the  overall 
statistics  were  attributable  to  via  failure  (all  on  sample  B)  .  Without 
sample  B  in  the  statistical  sampling,  there  would  be  no  failures  due  to 
improper  vias.  Perhaps  sample  B  was  contaminated  during  processing,  or 
possibly,  there  was  a  slight  departure  from  the  via  development 
procedure  which  caused  sharply  angled  via  sidewalls.  It  is  apparent 
though,  that  most  failures  occurred  due  to  breaks  in  the  metal  in  the 
transition  from  the  support  substrate  to  the  die. 

Mean-Time-To-Failure  (MTTF)  Resul ts .  During  the  MTTF  tests,  13  of 
the  remaining  38  circuits  (54  minus  the  early  failures)  or  34.2%  failed 
Almost  all  of  these  failures  occurred  due  to  cracks  in  the  metal  at  the 
gap  regions  til  of  13  or  84.6%).  The  remaining  two  failures  were  due  to 
accidental  loss  of  two  circuits  when  a  lab  tool  fell  on  them.  Therefore 
5.3%  of  the  sample  lot  was  lost  due  to  accidental  failure. 

Likely,  the  losses  from  the  tests  occur  in  circuits  weakened  as  a 
result  of  the  thin  aluminum  conductors  at  the  die  edges.  The  heat  (150 
degrees  Celsius)  accentuates  the  weaknesses  at  the  transitions. 
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High  Temperature  Tests .  The  thermal  tests  at  350  degrees  Celsius 
showed  that  the  polyimide  layer  was  not  as  stable  as  desired.  The  severe 
bubbling  and  blistering  of  the  polyimide  layer  when  exposed  to  that 
temperature,  show  the  effects  of  not  completely  imidizing  the  layer. 

As  long  as  the  maximum  processing  temperature  is  limited  to  330  degrees 
Celsius,  the  polyimide  cannot  be  totally  imidized  (Figure  4-23). 
Consequently,  excess  heat  could  cause  blistering  of  the  laver  at  anv 
time.  It  is  interesting  to  note  that  even  though  the  surface  of  sample  r 
was  completely  blistered  after  the  "rapid  rate  of  temperature  increase" 
test,  only  three  of  the  circuits  failed.  Six  of  the  18  circuits  survived 
all  tests,  including  that  test.  The  ramped  temperature  test  had  failures 
only  when  the  samples  reached  the  275  degrees  Celsius  temperature.  One 
failure  occurred  at  275  degrees  Celsius  and  two  at  325  degrees  Celsius. 

It  was  expected  that  none  of  the  samples  tested  up  to  350  degrees 
Celsius  would  have  any  surviving  circuits.  The  test  to  determine  the 
effect  of  the  processing  temperature  showed  that  the  die  shifted  an 
average  of  70  microns  when  exposed  to  a  350  degree  Celsius  temperature. 
It  was  expected  that  the  shifting  would  have  caused  breaks  in  all  of  the 
remaining  conductors  transitioning  the  gap  regions.  Of  the  circuits 
tested  at  350  degrees  Celsius,  only  22.7%  of  them  failed.  Either  the 
expected  swelling  did  not  occur  or  the  circuits  survived  in  spite  of  the 
swelling.  A  possible  explanation  is  that  the  polyimide  laver  compensates 
for  the  shifting  of  the  die.  The  elasticity  of  the  polvimide  layer 
allows  the  conductors  to  remain  intact  as  the  die  rise  due  to  the  heat 

Summary .  The  performance  tests  revealed  that  the  process  is  fairly 
successful.  A  46.3%  lot  of  the  circuits  survived  all  tests.  This 
percentage  increases  when  the  early  failures  are  removed  from  the 


’  1  » 


statistics.  Twenty-five  of  the  circuits  survived.  Of  the  38  circuits 
tested,  this  represents  65.8%  of  the  total  lot.  The  major  failure  mode 
was  the  cracking  of  the  aluminum  conductors  at  the  die  edges.  It  is 
speculated  that  this  failure  mode  is  due  to  insufficient  planarization 
over  a  large  delta  separation. 
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V .  Conclus ions  And  Recommendat ions 

Before  concluding  remarks  are  made,  the  problem  statement  from  Chnptt  i 
1  is  restated:  "This  study  investigated  a  silicon-hybrid  method  of  Wafer 
Scale  Iintegration  which  involves  mounting  discrete  integrated  circuit  die 
into  etched  "wells"  of  a  supporting  silicon  wafer,  aligning  the  top  sur¬ 
faces  of  the  die  and  the  support  substrate,  planarizing  the  gap  between 
the  die  and  the  substrate,  applying  a  conformal  dielectric  smoothing 
layer,  and  then  interconnecting  the  circuit  die  using  a  patterned  thin 
film  metallization  technique.  The  study  seeks  to  establish  a  fabrication 
process  by  which  electrically  tested  integrated  circuit  die  can  be  close- 
mounted  and  reliably  interconnected  with  relatively  low  impedance  micro¬ 
strip  conductors."  To  determine  whether  or  not  these  objectives  were  met. 
each  step  of  the  process  (using  descriptive  phrases  from  the  problem 
statement  as  a  guide)  is  addressed  the  following  discussion. 

1  iom.  lus  ions 

A  silicon-hybrid  wafer  scale  integration  process  been  demonstrated  in 
•his  research  effort.  The  initial  yield  of  functioning  circuits  (61.4%) 
indicates  that  the  process  is  viable.  For  use  in  mounting  actual  inte- 

ed  circuits,  however,  further  research  will  be  needed  to  optimize  tin 
process .  Conclusions  concerning  the  individual  steps  involved  in  the 
:  t'.'-ess  are  given  in  the  following  subsections. 

Ft  rh  i  np.  "We  11s"  Into  A  Supporting  S  i  1  icon  Wafer  .  The  wet  oriental  ion 
dent  etching  (WODE)  study  was  accomplished  to  determine  the  opt  i  in.  1 1 
or.  wafer  and  etchant  combination  for  etching  the  wells  needed  for 
■  •  irr  rhe  integrated  circuit  die.  The  combination  recommended  for 
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fabricating  the  final  test  samples  was  (100)  oriented  silicon  wafers  and 
the  potassium  hydroxide,  isopropyl  alcohol  (buffering  agent),  and  deion¬ 
ized  water  etchant.  The  results  obtained  were  very  satisfactory.  This 


combination  yielded  smooth,  flat  well  bottom  surfaces  that  were  etched 
with  excellent  control.  The  major  disadvantage  encountered  was  the  angle 
(50  degrees)  of  the  well's  sidewalls.  Since  the  sidewalls  characterist¬ 
ically  etch  with  an  angle  of  approximately  50  degrees  with  respect  to  tin- 
plane  containing  the  well's  bottom,  the  gap  surrounding  the  die  is 
approximately  7  mils  wide  at  the  well's  top  surface.  With  this  choice  of 
silicon  orientation  and  etchant,  the  major  problem  to  surmount  in  the 
subsequent  research  was  how  to  achieve  reliable  conductor  interconnection 
across  this  gap.  The  (110)  silicon  did  not  show  promise  for  this  process 
because  the  resulting  well  bottoms  were  heavily  striated  and  the  well's 
perimeter  etched  into  a  rhomboidal  shape. 

Mount  i  np.  Discrete  Integrated  Ci  rcni  t  Die.  The  results  of  the  die 
attach  adhesive  study  indicated  that  the  Master  Bond  F.P-MdA  Special 
two  -  component  epoxy  was  the  adhesive  of  choice  for  fabric,  .it  i  nr.  the  1 
test  samples.  However,  one  conclusion  formulated  f  ron:  tin  evaluut  i<>i. 
the  final  test  samples,  was  that  this  adhesive  mav  no  t  be  appropr i <  :■ 

the  HVSI  process .  The  delta  separation  measurements  made  in  the  pr>,,, 
temperature  effects  evaluation  i nd i <  a ‘ *d  •  h.r  tin  lie  "-•*•!!"  >  t  -  '•  :  :  '  ' 

out  of  a  pe  r  j  e<  t  1  v  align'd  position  ■  1  '  i  p  1 1  1 1  i  "i  s':>:  .  ■  1  ' 

he, a*  This  is  lil-elv  .!•!,  •"  pi  ».u:  Idii:.-  r  •  !.*  di*  ,  .  •  :  .  s 

s  i  ve  i  •  i ;  ga  se  s  Ten  p>  i  .  i  •  - 1 :  ■  1  . 1  •  :  •  <  -.  *  :  ■  :  s  s  .  e:  . .  ■  i  *.  •  .  *  «  ■  : 

■  i  or.  s  i  c  •  1 1 .  range  of  '><■  •  <  >  .'  i 1 1  m*  :  :  •  a  Its  i  i :  •  <  1  •  .  '  ■  •  pi:  i  * 

of  >  S '  ■  r  ve  d  *  ''  e.i'ISe  c  a  I*  1  7  f  t  i  1  '  i  I  -  ‘is*  '  lit.  ;  I  ‘is  i  ?  -  *  '  '  i  . 

T!  if  se  e  r  a<  Is  w<- I'<  ohserv.  d  ‘  o  .“it  .  '  'is  * !  i  *  ■  ! ,  ■  w* .  i  i .  c  ■ 


uted  Co  insufficient  planarization.  The  processing  temperature  effect 
tests  led  to  the  conclusion  that  the  maximum  tolerable  processing 
temperature  for  this  adhesive  should  be  limited  to  250  degrees  Celsius. 
Higher  temperatures  led  to  rapid  swelling  of  the  adhesive.  This  rela¬ 
tively  low  processing  temperature  severely  limits  the  degree  of  imidiz- 
ation  of  the  polyimide  layer.  Another  adhesive  choice  may  be  needed  to 
rectify  the  disadvantages  of  the  EP-34CA  epoxy.  Alternatively,  another 
course  of  action  to  solve  the  problem  of  the  die  swelling  upward  (due  to 
outgassing),  would  be  to  etch  small  holes  in  the  bottom  of  the  well  for 
the  gases  to  escape.  These  two  solutions  are  discussed  in  the  Recom¬ 
mendations  subsection  in  this  chapter. 

Aligning  The  Top  Surfaces .  The  technique  for  aligning  the  top-sur¬ 
faces  of  the  die  and  the  support  substrate  is  simple,  yet  labor  intensive 
The  tests  implemented  to  determine  the  effect  of  the  processing  temper¬ 
ature  on  the  delta  separations,  indicated  that  the  die  had  risen  and 
shifted  in  their  wells  from  30  to  50  microns  after  their  cure  cycle.  This 
swelling  is  due  to  deficiencies  in  either  the  alignment  technique  or  in 
the  adhesive  (or  both).  Follow-on  research  needs  to  be  accomplished  to 
d. •; ermine  the  role  of  the  alignment  procedure  in  these  initial  delta 
separat i ons . 

i’  1  ana  r  i i  ng  The  bap  .  One  of  the  advantages  of  using  the  two-componen 
•  .i>,  a  die  .it  raid,  adhesive  is  that  t  lie  excess  adhesive  under  the  die. 

will  flow  it, -o  • he  gap  regions  surrounding  the  die  and  thus  fill  them. 

.  be  ha  v  i  ns  parti  a  1  1  v  planarizes  the  top  surface  of  the  sample.  A 

for;:  ,  it  the  top  susiace  of  the  epoxv  due  to  shrinkage  during 
However.  the  polyimide  planarizing  layer  compensates  for  these 
slight  discontinuities  and  promotes  the  planarization  of  the  top  surl.ua 


Overall,  the  EP-34CA  epoxy  is  an  excellent  void  tiller  with  a  thermal 
coefficient  of  expansion  matched  to  silicon.  A  significant  disadvantage  i 
that  voiding  is  possible  in  the  gap  if  the  epoxy  is  not  cured  gradually 
and  the  shrinkage  compensated  for  with  additional  layers.  Overall,  the 
epoxy  is  well  adapted  to  fulfill  this  function  in  the  fabrication  process 

Appl icat ion  of  the  Conforma 1  Dielectric  Smoothing  Laver .  The 
photosensitive  polyimide  (Merck  Selectilux  HTR  3-200)  provided  an 
excellent  coating  which  planarized  the  surface  of  the  wafers.  Cross- 
sectional  photographs  of  the  gap  regions  planarized  with  the  polyimide, 
demonstrated  the  material's  capability  for  smoothing  the  transition 
between  the  support  substrate  and  the  IC  die.  Additionally,  it's 
photosensitive  features  eliminated  several  processing  steps  typically 
associated  with  etching  vias  in  traditional  polyimide  layers.  This 
polyimide  is  well  suited  to  the  needs  of  the  HWSI  process. 

Interconnecting  The  Circuit  Die .  The  evaporation  and  patterning  of 
the  aluminum  interconnections  followed  the  standard  IC  processes.  The 
results  of  these  steps  yielded  adequate  conductors. 

Recommendations . 

To  further  optimize  the  HWSI  fabrication  process,  several  areas 
should  be  explored.  Specific  recommendations  are  discussed  in  the 
following  paragraphs. 

Characterization  of  the  S i 1  icon  Substrate  Etching .  It  is  recommended 
that  research  be  conducted  to  further  characterize  the  (100)  silicon  and 
KOH-DIW-IPA  etchant  combination.  Etch  rate  versus  etchant  temperature 
experiments  should  yield  greater  knowledge  and  control  over  the  etch 
process.  The  "pyramid"  defects  should  be  investigated.  Knowledge  of  their 


cause  and  a  means  of  preventing  them  would  be  beneficial  to  the  HWSI 


process . 


In  future  etching  trials,  it  is  recommended  that  a  quartz  reflux 
condensing  system  be  used.  The  stainless  steel  vessel  used  for  the  trials 
in  the  WODE  study  and  subsequent  etching,  did  not  allow  for  precise 
temperature  control  of  the  etchant.  Also,  the  primitive  reflux  condensing 
cover  permitted  the  escape  of  a  small  amount  of  water  vapor.  During  the  4 
hour  (or  more)  etching  trials,  sufficient  water  and  isopropyl  alcohol 
escaped  to  seriously  affect  the  etchant  concentration.  This  of  course, 
changed  the  etching  rate  and  quality  of  the  results.  The  behavior  of  a 
quartz  condenser  should  greatly  enhance  the  etching  results.  It  is  also 
recommended  that  fresh  etchant  be  used  for  every  etching  trial.  Expended 
etchant  yielded  poor  quality  well  bottoms. 

Maximum  Processing  Temperature .  The  limited  maximum  processing 
temperature  of  250  degrees  Celsius  significantly  impacted  the  overall 
results.  A  higher  processing  temperature  will  facilitate  a  greater  degree 
of  polyimide  imidization.  Further,  a  higher  temperature  will  allow  for 
more  effective  annealing  of  the  aluminum  conductors.  This  impact  may  be 
best  realized  at  the  via  interconnections  to  the  bonding  pads.  If  VLSI  or 
VHSIC  chips  can  withstand  a  350  degree  Celsius  temperature  without  their 
electrical  characteristics  being  changed,  then  this  HWSI  process  could  be 
enhanced  by  using  cure  and  anneal  cycles  at  that  level. 

Investigation  of  Die  Attach  Adhes i ves .  Research  should  be  conducted 
to  investigate  alternate  die  attach  adhesives.  The  two  -  component  epoxv 
swells  unacceptably  when  heat  is  applied.  An  adhesive  with  minimum 
out  gassing  is  needed  to  solve  this  problem.  Since  the  DAA  study  was 
conducted,  literature  on  other  adhesives  has  been  obtained.  One  promising 
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adhesive  is  the  Conductimer  (M  &  T  Chemicals  Inc. ,  Rahway,  NY) 
thermoplastic  adhesive  (19:38).  This  adhesive  is  a  siloxane  polyimide 
compound  which  offers  rapid  bonding  times  spanning  a  wide  range  of  curt- 
temperatures.  This  product  is  available  in  tape  form  which  could  be 
beneficial  to  the  HWSI  process.  Square  tape  pieces  (195  mils  bv  195  mils 
and  1.5  mils  thick  could  be  sandwiched  between  the  bottom  of  the  IC  die 
and  the  top  surface  of  the  well.  The  cover  glass  and  weight  technique 
could  be  used  with  a  modified  variation.  The  weight  needs  to  be  200  grams 
and  the  bonding  temperature  should  be  350  degrees  Celsius.  The  thermo¬ 
plastic  adhesive  has  a  characteristic  low  residual  stress  which  coinp>  n- 
sates  for  thermal  mismatch  between  materials.  The  adhesive  is  suitable  f o 
complex,  multichip  assemblies  because  rework  is  possible.  That  is, 
defective  devices  can  removed  by  the  application  of  a  local  heat  source 
and  easily  replaced  (before  application  of  the  conformal  polyimide  layer) 

Another  family  of  adhesives  which  are  recommended  for  evaluation  art 
the  polyamic  acid  adhesives.  Several  manufacturers  have  adopted  these 
products  because  of  their  higher  thermal  endurance  (19:37).  The  polyamic 
acid  products  have  demonstrated  significant  reliability.  One  potential 
disadvantage  is  their  high  moisture  content  (19:38). 

A  Proposed  Alignment  Techn i que .  The  following  alignment  technique  is 
recommended  for  investigation.  To  relieve  the  gasses  generated  in  tin- 
adhesive  during  cure  (which  cause  the  IC  die  to  "swell"  out  of  position', 
a  number  of  small  passages  (etched  from  the  back  of  the  wafer  through  tin 
well  bottoms),  could  be  fabricated  using  the  same  anisotropic  etch 
techniques  realized  in  the  WODK  studv  This  etching  process  could  In- 
accomplished  after  the  wells  are  etched.  A  matrix  (perhaps  U  x  at  of  tin- 
channels  could  he  placed  at  the  bottom  of  each  well.  The  channels  might  1 


approximately  20  mils  square  at  the  well  bottom.  Further,  it  is 
recommended  that  the  die/wafer  samples  be  cured  "upside  down".  Bv  first 
mounting  the  IC  die  with  the  technique  described  in  the  DAA  study  (Chapt 
III),  the  samples  could  then  be  inverted  so  that  the  die's  top  surface  i 
facing  downward.  The  samples  would  be  cured  in  this  position,  allowing 
gravitational  forces  to  align  the  die  to  the  support  substrate.  Excess 
epoxy  and  gasses  will  flow  out  of  the  etched  channels  as  the  sample  is 
cured.  Instead  of  placing  the  sample  on  a  glass  flat,  a  teflon  block 
should  be  used  to  prevent  the  sample  from  adhering  to  the  alignment 
surface  as  it  cures.  This  technique  would  allow  the  fluid  epoxv  to  flow 
the  teflon  alignment  block  and  solidifv  without  the  meniscus  forming.  A 
ramped  cure  cycle  is  recommended  to  assure  a  minimum  of  outgassing. 
Figure  5-1  illustrates  the  proposed  bonding  process. 

Goals  of  Future  Research.  This  research  project  was  a  pioneering 
investigation  of  materials  and  processes  to  determine  the  feasibility  of 
silicon-hybrid  wafer  scale  integration.  In  order  for  further  research  to 
address  current  packaging  needs  for  high  speed  computational  systems,  tl. 
conductors  will  need  to  be  much  narrower  and  thinner  This  trend  should 
incorporated  in  future  work.  Experimental  testing  should  he  aceompl i sh< d 
to  determine  the  minimum  design  geometries  and  the  minimum  metal 
thickness.  The  via  sizes  need  to  be  reduced,  and  the  planarizing,  polvimi 
layer  needs  to  be  made  thinner.  It  is  recommended  that  follow  on  project 
utilize  operational  integrated  circuits  (at  least  .  small  scale 
integration)  which  can  be  electrically  i nt e i cornu  c t ed  and  op.  rated 
Summary  o f  Cone  1  us  i  ons  And  Kecommetida  t  i  mis 

The  results  of  this  evaluation  demonstrated  that  the  proposed  H'.-.s  ! 


100  gram  weight 


process  is  viable,  and  further  research  can  enhance  its  potential.  The 


fundamental  problem  is  the  delta  separation  between  the  mounted  die  and 
substrate.  Materials  ar.d  techniques  need  to  be  further  investigated  to 
provide  die  bonding  that  aligns  the  die  with  the  surface  of  the  silicon 
substrate  and  does  not  permit  movement  when  heat  is  applied. 
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The  three  basic  families  of  planes  (and  their  orthogonal  direct¬ 
ions)  in  single  crystal  silicon  are  presented  in  Chapter  II.  This 
supplemental  material  describes  the  various  angles  these  planes  make 
with  respect  to  each  other.  These  angular  relationships  were 
manifested  during  the  anisotropic  etching  experiments. 

Angles  Between  The  Three  Bas ic  Families  of  Planes .  Silicon  in 
its  crystalline  state  forms  the  diamond  lattice  structure.  The 
diamond  lattice  structure  is  illustrated  in  Figure  A-l.  The  figure 
illustrates  how  interpenetrating  cubic  structures.  An  analytical 
relationship  is  presented  by  Cullity  (36:460)  for  calculating  the  angle 
between  the  various  planes  in  a  cubic  -  crystal  structure  (the  silicon 
crystal  structure  is  a  specific  case).  That  is, 

G  =  cos'1  ((h1h2+k1k2+l1l2)  /  [(h12+k12+l12)(h22+k22+l22)]1/2)  (A-l) 

where  9  is  the  angle  between  two  planes  (h^k^l^)  and  (h2k2l2).  The  two 
planes  are  defined  by  the  Miller  index  notation.  Using  this  formula, 
the  following  angular  relationships  between  the  planes  (100),  (110),  and 

(111)  (and  their  equivalent  planes),  can  be  calculated. 

( 100)  Orientation  Silicon.  In  (100)  wafers,  the  plane  of  the  wafer 
is  one  of  the  (100)  planes  and  one  of  the  <100>  directions  is  normal  to 
the  plane  of  the  wafer's  surface.  The  primary  wafer  flat  is  one  of  the 
(110)  planes.  When  anisotrop ical  etching  takes  place,  the  silicon  atoms 
in  the  (111)  planes  are  the  slowest  to  be  removed  because  these  planes 
have  the  largest  atomic  density.  Therefore,  the  intersections  of  the 
(100)  planes  with  the  (111)  planes  and  the  intersections  of  some  of  the 

A-  1 


jlOO!  planes  with  each  other,  are  of  prime  importance  when  ana  1  vr. i ng 
(100)  orientation  silicon.  When  (100)  planes  intersect  (111]  planes, 
only  two  angles  result  from  equation  (1).  The  denominator  of  this 
combination  is  always  the  square  root  of  3.  The  numerator  is  either  1  or 
-1.  The  inverse  cosine  of  (3)  is  54.7  degrees  and  the  inverse 

cosine  of  -(3)  is  125.26  degrees  (the  complement  of  54.7  degrees). 

All  intersections  of  the  planes  in  the  (100)  family  are  at  90.00 
degrees.  This  is  why  the  sidewalls  theoretically  form  at  54.7  degrees. 
Therefore,  when  using  (100)  silicon  and  aligning  the  square  well  pattern 
to  the  wafer  flat  (which  should  be  be  the  (110)  planes),  the  sidewalls 
will  always  be  54.7  degrees  or  125.2  degrees  in  relation  to  the  well 
bottom  (which  is  also  a  (100)  plane).  This  angular  relationship  is 
illustrated  in  Figure  A-2. 

(110)  Orientation  Silicon.  In  (110)  wafers,  the  plane  of  the  wafer 
is  one  of  the  (110)  planes  and  one  of  the  <110>  directions  is  normal  to 
the  plane.  The  primary  wafer  flat  is  one  of  the  (111)  planes.  When 
anisotropical  etching  takes  place,  the  silicon  atoms  in  the  (111!  planes 
are  slowest  to  be  removed  because  this  plane  has  the  largest  atomic 
density.  Therefore,  the  intersections  of  the  (110)  planes  with  the  (111! 
planes  and  the  intersections  of  some  of  the  (111)  planes  with  each 
other,  are  of  prime  importance  when  analyzing  (110)  orientation  silicon. 
When  (110)  planes  intersect  (111)  planes,  three  angles  result  from 
equation  (1).  The  denominator  of  this  combination  is  always  the  square 
root  of  6.  The  numerator  is  either  2,  0,  or  -2.  The  inverse  cosine  of 
[2  /  ((6)  is  33.3  degrees  and  the  inverse  cosine  of  [-2 

(  ( 6 )  ^/^));  js  ]44.7  degrees  (the  complement  of  34.3  degrees'  'Hie 
inverse  cosine:  of  0  is  90  degrees.  Thus,  these  three  combinations  vield 
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angles  of  35.3  degrees,  144.7  degrees  (the  complement  of  35.3  degrees') 
or  90.0  degrees.  For  this  reason,  when  anisotropically  etching  <1 105- 
silicon,  the  sidewalls  are  either  90.0  degrees  or  35.3  degrees.  This 
angular  relationship  is  illustrated  in  Figure  A-3. 

The  individual  members  of  the  (111)  family  of  planes  ran  intersect 
each  other  at  four  different  angles.  The  demoninator  of  equation  (1) 
with  this  combination  is  always  3.  The  numerator  can  be  either  -3,  -1, 

1,  or  3.  The  corresponding  angles  formed  are  the  inverse  cosines  of 
0.33,  and  -0.33.  The  resulting  angles  are  70.5  degrees  and  its 
complement,  109.5  degrees.  The  individual  planes  in  the  <11 1>  familv  o 
planes,  do  not  intersect  each  other  at  90  degrees  as  do  the  I  100] 
planes.  This  explains  why  in  (110)  anisotropic  etching,  the  rectangular 
oxide  masks  yield  rhomboid  shapes.  The  corners  are  not  square;  the 
etched  planes  intersect  at  109.5  degrees. 
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Appendix  B:  The  Mask  Fabrication  Process 

Equipment  and  Materials .  The  following  equipment  was  used  in  the 
mask  fabrication  process: 

1.  X-Y  plotting  and  cutting  table  (also  known  as  the 
Coordinotograph) .  The  Coordinotograph  is  illustrated  in  Figure 
B-l . 

2.  Knife  for  cutting  the  rubylith. 

3.  Mask  Camera  (Model  6720,  Dekecon  HLC  Engineering  Co., 

Oreland,  PA) . 

4.  Photoplate  development  unit  which  consists  of  five  stainless 
steel  tanks  which  hold  the  photographic  development  chemicals. 

The  following  materials  were  used  in  the  mask  fabrication  process: 

1.  Rubylith  (Stock  number  263514,  Ulano  Corp ., Brooklyn ,  NY;  size: 
40  inch  wide  roll) . 

2.  Kodak  High  Resolution  Photoplates  (HRPs) ;  size:  2"  x  2". 

3.  Kodak  photoplate  development  chemicals. 

Procedure .  The  following  procedure  was  used  to  generate  the 
photolithography  masks  for  the  Wet  Orientation  Dependent  Etching  (WODE) 
study  and  the  preparation  of  Hybrid  Wafer  Scale  Integration  (HWSI) 
samples . 

A  design  was  drawn  full  scale  on  a  large  sheet  of  rubylith.  The 
pattern  used  in  the  WODE  study  consisted  of  a  two-by- three  matrix  of 
squares.  The  size  of  the  squares  on  the  mask  needed  to  be  200  mils 
square.  Therefore,  the  rubylith  was  cut  to  produce  a  pattern  that  was 
4  inches  square.  (Assuming  a  20X  reduction  of  the  mask  camera,  this  will 
yield  a  200  mil  square  shape  on  the  actual  mask.) 
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The  rubylith  was  then  photographed  using  the  mask  camera.  The 
reduction  multiplier  for  these  masks  was  20X.  The  exposed  photoplates 
were  developed  using  the  standard  development  process.  Complete 
information  on  the  development  of  high  resolution  photoplates  is 
available  at  the  AFIT  Cooperative  Materials  and  Electronic  Processing 
Laboratory . 

Masks  Used  In  This  Research  Project .  The  masks  designed, 
fabricated,  and  used  in  this  research  project  are  illustrated  in  the 
following  figures: 


1. 

Figure 

B-2 

Photomask 

of 

the 

Well 

Pattern. 

2  . 

F igure 

B-3 

Photomask 

of 

the 

Vias 

Pattern . 

3. 

F igure 

B-4 

Photomask 

of 

the 

Die 

Pattern . 

4. 

Figure 

B-  5 

Photomask 

of 

the 

Second  Level  Metallization 

Pattern. 

Figure  8-1.  Coordinatograph  Photomask  Plotting  and  Cutting 
Table . 
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Figure  b-2.  Photomask  of  the  Well  Pattern. 

a)  Positive  mask. 

b)  Negative  Mask.  (The  mask  is  laying  on  graph  paper 
with  0.250  inch  grid.)  The  magnification  factor  for 
both  photographs  is  1.6X. 


Figure  B-3.  Photomask  of  the  Via  Pattern 
a;  Positive  it  isk 

b)  Negative  Mask.  (The  mask  is  laying  on  graph 
paper  with  0.230  inch  grid.)  The  magnification 
factor  for  both  photographs  is  1  6X 
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Figure  B-4.  Photomask  of  the  Die  Pattern. 
(The  mask  is  laying  on  graph  paper  with  0.250 
inch  grid.)  The  magnification  factor  is  1.6X. 
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Appendix  C:  Oxidation  and  Masking  of  Silicon  Wafers 


Equipment  and  Materials .  The  following  equipment  was  used  to 
prepare  the  wafers  for  the  etching  study: 

1.  Labware  for  the  standard  clean  procedure. 

2  Thermal  oxidation  furnace  with  quartzware . 

3.  Photoresist  (PR)  spinner. 

4.  Prebake  and  postbake  ovens  (70  -  220  degrees  Celsius). 

5.  Labware  for  oxide  etching  and  PR  development. 

The  following  materials  were  used  in  the  preparation  of  wafers  fo 
the  etching  study: 

1.  Chemicals  for  Standard  Clean  fcl:  Sulphuric  acid  (H,S0. ) 

2  4 

Hydrogen  Peroxide 
Hydrofluoric  Acid  (HF) 

2.  Silicon  wafers:  (Four  types  of  wafers  were  used  in  this 
research) : 

a)  <110>  0.875  inch  diameter  n-doped  wafers  for  the  < 1 1 0> 
combinations . 

b)  <100>  1.25  inch  diameter  n-doped  wafers. 

c)  <100>  1.25  inch  diameter  n-doped  wafers. 

d)  <100>  3  inch  diameter  p-doped  wafers  which  were  quartered 
into  four  equal  pieces.  The  last  three  types  were  used  in 
the  <100>  runs.  The  quartered  3  inch  wafers  were  20  mils 
thick,  and  they  used  in  extended  etch  trials. 

3.  Negative  photoresist  (Waycoat  IC  Resist,  Type  3,  28  and  43  cp 
and  positive  photoresist  (Shipley  Microposit  1350J). 

4.  Developer  chemicals  for  the  photoresists. 


5.  Buffered  hydrofluoric  acid  for  etching  windows  in  the  oxide 
mask . 

Procedure  For  Oxidizing  the  Wafers .  The  wafers  were  prepared  lor 
the  etching  study  by  first  cleaning  them  using  the  Standard  Clean  =1 
procedure  to  remove  contaminants  (Appendix  D) .  The  clean  wafers  were 
placed  vertically  in  a  quartz  boat  for  oxidation.  To  begin  the 
oxidation  process,  the  boat  was  slowly  inserted  (at  a  rate  of  1  inch  per 
minute  for  the  first  12  inches;  then  5  inches  per  minute  for  the 
remainder  of  the  distance  to  the  center  of  the  tube)  into  the  oxidation 
furnace  and  subjected  to  a  dry-wet-dry  cycle.  The  initial  drv  oxidation 
phase  lasted  10  minutes;  the  wet  period  ranged  from  4  to  12  hours- 
depending  on  the  thickness  of  the  oxide  desired,  and  the  terminal  drv 
period  spanned  10  minutes  to  60  minutes.  The  wafers  were  then  slowly 
removed  from  the  tube  (rates  opposite  those  for  inserting  the  wafers 
into  the  tube) .  The  exact  process  times  for  a  particular  wafer  used  in 
a  specific  trial  are  posted  on  the  data  sheets  presented  in  Chapter  IV 
and  in  Appendix  E.  Once  oxidized,  the  wafers  were  stored  under  nitrogen 
in  a  closed  container.  When  the  oxidized  wafers  were  needed,  they  were 
prebaked  (250  degrees  Celsius)  to  drive  off  moisture.  After  cooling  to 
room  temperature,  they  were  coated  with  photoresist. 

Procedure  For  Patterning  the  Oxidized  Wafers .  Positive  photoresist 
was  spun  on  the  oxidized  wafer's  surface  at  5000  rpm  and  prebaked  for  20 
minutes  at  70  degrees  Celsius.  Hexamethyldisilazane  (HMDS),  an  adhesion 
promoter,  was  used  with  the  positive  resist.  The  process  was  repeated 
for  the  back  side  of  the  wafer  with  one  variation;  the  photoresist  was 
swabbed  onto  the  wafer  back.  This  procedure  was  implemented  to  protect 
the  oxide  on  the  wafer's  backside. 
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Using  Che  appropriate  mask,  the  wafers  were  then  exposed  to 

2 

ultraviolet  (UV)  light  for  45  seconds  (4.0  mWatt/cin  /second).  The  mask?: 
used  in  the  project  are  illustrated  in  Appendix  B.  Because  the  features 
on  the  masks  are  relatively  large,  a  automatic  mask  aligner  could  not  be 
used  to  expose  the  photoresist  on  the  wafers.  A  manual  mask  alignment 
tool  was  fabricated  and  is  illustrated  in  Figure  C-l.  The  photoresist 
coated  wafers  were  placed  on  the  tool  with  the  flat  coinciding  with  the 
alignment  marks  on  the  stage.  The  mask  was  placed  on  top  of  the  wafer 
(Figure  C-l  illustrates  how  the  mask  is  rotated  on  and  off  the  wafer), 
and  the  entire  stage  placed  under  the  UV  source  for  exposure.  The  UV 
source  was  the  Cobilt  Contact  Printer  and  Mask  Aligner.  The  stage  was 
placed  in  the  column  of  UV  light,  and  the  exposure  duration  was 
controlled  by  the  settings  on  the  contact  printer. 

After  exposure,  the  wafers  were  developed.  The  photoresist 
development  was  accomplished  by  spinnig  the  wafers  at  1000  rpm  while 
spraying  the  surface  with  a  1:1  Shipley  Microposit  D312  developer- 
deionized  water  solution  for  20  seconds.  As  the  spinner  continued  to 
spin,  the  surface  were  rinsed  with  deionized  water  for  another  20 
seconds.  Finally,  the  surface  was  blown  dry  with  a  nitrogen  gas  purge. 
The  wafers  were  then  placed  in  a  forced  air  oven  set  at  120  degrees 
Celsius  for  post-baking  (30  minutes). 

Procedure  for  Etching  the  Oxide .  At  this  point,  the  wafers  were 
completely  protected  by  photoresist  except  for  the  particular  mask 
pattern  on  the  topsurface.  The  wafers  were  then  immersed  in  a  buffer? d 

HF  solution  (6:1  NH.F:HF)  to  etch  the  mask  windows  through  the  oxid«  . 

4 

and  thus,  exposing  the  bare  silicon  substrate  for  later  anisotropic 
etching.  The  etch  duration  required  in  the  buffered  HF  solu: .on  was  a 
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mm 


function  of  the  etchants  temperaure  and  the  thickness  of  the  oxide 


masks.  The  wafers  were  removed  from  the  solution  each  minute  to 


visually  assess  the  etching  progress.  After  the  oxide  windows  were 


observed  to  be  clear  of  any  oxide,  the  wafers  were  placed  in  a 


deionized  water  (DIW)  rinse  for  20  minutes.  The  postbaked  positive 


photoresist  was  removed  by  immersing  the  wafers  in  an  ultrasonic 


bath  of  acetone  for  15  minutes.  The  wafers  were  again  rinsed  in 


DIW  for  20  minutes,  blown  dry  with  nitrogen  gas,  and  placed  in  a 


convection  oven  (150  degrees  Celsius)  until  needed  for  use. 


Appendix  D:  Standard  Cleaning  Processes 


Standard  Clean  l  (SCI) 

This  cleaning  solution  is  composed  of  sulfuric  acid  ;H,SO.  1  and 
hydrogen  peroxide  (H^O^),  and  it  is  used  to  remove  organic  contaminant 
from  the  wafer's  surface.  These  two  components  are  mixed  in  a  one  to 
one  proportion.  The  combination  of  these  two  constituent  chemicals 
results  in  an  exothermic  reaction  which  generates  a  bubbling  action. 
The  reaction  lasts  only  about  15  minutes,  and  the  solution  is  fairlv 
ineffective  for  cleaning  wafers  after  that  time. 

This  cleaning  procedure  is  performed  on  the  wafers  prior  to 
oxidation  or  whenever  it  is  desired  to  have  all  organic  contamination 
removed  from  the  wafers.  The  procedure  is: 

1.  Mix  the  1:1  solution  in  a  clean  glass  beaker  and 

immediately  immerse  the  wafers  for  15  minutes.  The  wafers  can 
be  placed  in  a  polypropylene  basket  for  convenient  handling. 

2.  Rinse  the  wafers  in  deionized  water  (greater  than  10  Megohms) 
for  5  minutes . 

3.  Dip  the  wafers  in  a  10:1  HF:Deionized  water  solution  for  30 
seconds.  The  hydrofluoric  acid  will  remove  an  oxide  glaze 
formed  by  step  1 . 

U.  Rinse  wafers  in  deionized  water  (greater  than  10  Megohms)  for 
15  minutes. 

5.  Remove  the  wafers  and  blow  dry  with  nitrogen  gas. 
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Appendix  E:  Wee  Orientation  Dependent  Etching  Study  Data  (WODE)  Sheets. 
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Figures  E-l  to  E - 1 2  contain  the  data  sheets  for  the  WODE  study. 
They  are  presented  on  the  following  pages. 
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Figure  E-7.  Data  Sheet  -  Wet  Orientation  Dependent  Etching  Study  Trial  »  7. 
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Figure  E-8.  Data  Sheet  -  Wet  Orientation  Dependent  Etching  Study  Trial  »  8 
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Appendix  F:  Calibration  of  the  Heat  Block  ('Eutectic  Material  Bondi  m- 
Procedure ) 

The  temperature  of  the  heat  block  was  determined  by  the  digital 
thermometer  and  thermocouple.  To  assure  that  the  thermometer  was  registering 
the  correct  temperature,  an  experiment  was  performed  to  determine  the 
correlation  between  the  actual  temperature  and  the  measurements  of  the  digit,, 
thermometer . 

The  principle  behind  the  experiment  was  that  five  temperatures  could  In- 
verified  by  observation  and  compared  to  the  thermometer  readings  to  deter::  in. 
the  variance.  The  five  temperatures  are: 

1.  The  temperature  of  ice  water  at  0  degrees  Celsius. 

2.  The  temperature  of  boiling  water  at  100  degrees  Celsius. 

3.  The  temperature  of  the  melting  point  of  a  Gold-Tin  preform  at 
276  degrees  Celsius. 

4.  The  temperature  of  the  melting  point  of  a  Gold-Germanium  preform  at 
325  degrees  Celsius. 

5.  The  temperature  of  the  melting  point  of  a  Gold-Silicon  preform  a:  ’ 
degrees  Celsius. 

To  verify  the  temperature  at  the  freezing  point,  the  heat  block  with  t h< 
mounted  thermocouple  was  placed  in  a  liter  of  deonized  water  and  ice.  Tin 
temperature  was  recorded  after  the  thermometer  reading  reached  a  steady 
To  verify  the  temperature  at  the  boiling  point,  the  heat  block  was  pi. .«•,,!  •;  < 
quartz  vessel  (one  litre)  and  heated  until  boiling  occured .  Tin  t  «-it  p.  r  ; 
was  recorded  after  the  thermometer  reached  a  steady  state.  For  tin  :•  •  :  •  : 
temperatures  of  the  three  eutectic  preforms,  the  following  prooedur.  > 
for  each  temperature.  The  heated  on  the  hot  plate  just  below  t  In  u  *  : 
melting  temperature  (as  read  from  the  thermometer).  One  preform  we 
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the  heat  block  and  the  temperature  was  increased  until  the  preform  melted.  The 


temperature  was  then  recorded  from  the  thermometer. 

The  results  show  that  the  accuracy  of  the  digital  thermometer  decreases 
as  higher  temperature  readings  are  taken.  The  readings  at  0  degrees  and  100 
degrees  Celsius  were  found  to  be  very  exact.  The  higher  temperatures  of  the 
eutectic  melting  points  were  found  to  be  much  higher  than  expected.  These 
temperatures  are  used  in  the  eutectic  material  bonding  procedure. 


F-2 


Appendix  G:  Metallization  Process  And  Metal  Etching  Procedure . 


Equipment  and  Materials .  The  following  equipment  was  used  in  the 
metallization  process  and  the  metal  etching  procedure: 

1.  Aluminum  Vacuum  Evaporation  System. 

2.  Custom  wafer  holders  for  quartered  3-inch  wafers. 

3.  Beaker  (200  ml  made  of  pyrex) . 

4.  Polyethylene  wafer  holder. 

5.  Pyrex  thermometer. 

6.  Hot  plate. 

The  following  materials  were  used  in  the  metallization  and  etch 
processes : 

1.  Aluminum  wire. 

2 .  Source  boats . 

3.  Glacial  Acetic  Acid  (CH^COOH). 

4.  Phosphoric  Acid  (H^PO^) . 

5.  Nitric  Acid  (HNCL) . 

Procedure  For  Aluminum  Evaporation .  The  fundamental  procedures 
accomplished  for  evaporating  the  aluminum  conductor  thin- films  were: 

1.  The  wafer  was  purged  with  nitrogen  gas  to  remove  particulate 

matter . 

2.  The  wafers  and  the  aluminum  source  were  mounted  in  the 
chamber,  the  chamber  was  evacuated,  and  aluminum  was 
evaporated  onto  the  polyimide's  surface. 

3.  The  aluminum  film  thickness  was  monitored  with  the  Deposit 
Thickness  Moniter  meter  (DTM-3,  Sloan  Instrument  Corporation. 
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Santa  Barbara,  CA) .  When  the  desired  film  thickness  was 
deposited,  the  chamber  was  vented,  and  the  wafers  were  removed 

Procedure  For  The  Aluminum  Etch .  The  following  procedure  was  used 
for  the  aluminum  etch  to  etch  the  aluminum  film  into  the  desired 
conductor  pattern: 

1.  The  etchant  solution  was  prepared  by  mixing  the  following 
constituents  in  a  glass  beaker:  20  milliliter  (ml)  nitric  acid 
80  ml  acetic  acid,  80  ml  phosphoric  acid,  and  20  ml  deionized 
water  were  mixed  as  the  etchant. 

2.  The  etchant  solution  was  heated  to  45-50  degrees  Celsius  on  a 
hot  plate. 

3.  After  the  wafer  was  patterned  with  photoresist  (See  Chapter 
III),  the  wafer  was  immersed  in  the  etchant. 

4.  The  aluminum's  etch  rate  was  approximately  2000  angstroms/ 
minute.  (The  wafer  must  be  carefully  monitored  to  ensure 
complete  removal  in  the  desired  areas.) 

5.  Finally,  the  photoresist  was  stripped  from  the  wafer  (for 
example,  acetone  was  used  to  remove  the  positive  resist). 
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Appendix  H:  The  Digital  Counter  C i  rcu i t  r v 

Six  digital  counter  circuits  were  designed  and  fabricated  tor  tin- 
electrical  evaluation  of  the  final  test  samples.  Details  of  the  de s i gt ; 
are  discussed  below. 

Des i gn .  A  counter  was  used  for  each  circuit  under  test  .  The  purpose 
of  the  counter  circuitry  was  to  monitor  the  pulsed  current  passing 
through  the  circuit  and  recording  the  time  into  the  test  at  which  the 
circuit  fails  (if  it  fails  at  all).  The  mean- 1 ime - to  -  fa i lure  tests  were 
planned  to  run  for  60  hours  with  a  pulsed  current  of  1  kHz  passing 
through  each  circuit.  The  counter  circuitry  was  designed  to  count  a  pulse 
bv  triggering  on  its  leading  edge.  Obviously,  if  the  test  circuit's 
conductor  fails  (an  open  circuit),  no  signal  will  be  measured  by  the 
counter . 

Since  the  60-hour  test  period  is  composed  of  218,000  seconds,  a  lkll:: 
frequency  pulse  train  implies  that  there  will  be  218  x  10^  cycles.  Thus, 
the  counter  will  need  to  register  a  number  of  this  magnitude.  To  achieve 
this  goal,  decade  counters  (SN74LS90)  were  utilized.  The  decade  counter 
will  count  in  binary  output  from  0  to  9  and  then  repeat.  To  obtain  a 
pulse  with  which  to  trigger  the  next  decade  counter,  the  output  of  leads 
< Q  and  Q  )  were  connected  to  a  two- input  NAND  gate  (7400  Quad  Two- input 

cl  Q 

NAND  gates).  Once  (and  only  once)  during  the  count  from  0  to  '< ,  tin  two 
leads  Q  and  0,  go  to  binary  1  or  HIGH.  The  pulse  from  the  NAND  gate  is 

<i  Cl 

binary  0  or  LOW.  This  pulse  was  then  inverted  (7404  Hex  Inverter). 
(Attempts  to  directly  use  AND  gates  failed  for  unknown  reasons.)  The 


integration  of  these  three  digital  eireuits  formed  the  fundament.il  st.i 
in  the  counter  design.  This  fundamental  stage  is  illustrated  in  Figure 
H-  1  . 

To  obtain  a  counter  capable  of  counting  to  lO^*1  as  needed  for  the 
proposed  test,  ten  of  the  fundamental  stages  were  coupled  together  in 
series.  The  first  stage  receives  the  pulses  coming  directlv  from  tin 
signal  generator  through  the  circuit  under  test  (as  long  as  the  circui 
conducts).  The  pulses  outputed  from  the  first  stage  (and  inputed  to  th 
second  stage)  have  a  100  Hertz  frequency .  Accordingly,  the  output  of  t 
second  stage  has  a  10  Hertz  frquencv.  and  the  output  of  the  third  star, 
has  a  1  Hertz  frequency.  The  next  seven  stages  count  the  1  Hertz,  puls. 
The  last  seven  stages  have  light  emitting  diodes  to  facilitate  ohservi 
the  count  status.  With  this  counter  circuit,  a  1  millisecond  count 
resolution  is  possible. 

To  properly  calibrate  the  counter,  an  osc  i  1  1  oscope  was  connect td 
the  counter  and  signal  generator.  The  osc i 1 1 oscope  assured  ueourat  t 
timing  because  it  provided  a  secondary  means  with  which  to  assure  th.it 
the  frequency  remained  at  1  kHz.  Calibration  tests  of  t  he  count <  i 
resulted  in  observations  that,  were  +.  O.Ol  *  accurate 
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Figure  H-L.  Schematic  of  One  Stage  of  the  Digital  Counter 

Ten  of  these  stages  in  series  constitute  a  counter  circuit  capable 
of  timing  the  mean - 1 ime - to - f a i lure  on  a  circuit  tested  for  a 
duration  as  long  as  60  hours  with  1  millisecond  accuracy. 
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Equipment  And  Materials .  The  following  equipment  was  used  to 
applying  the  polvimide  conformal  coating: 

1.  Photoresist  spinner, 

2.  Convection  oven,  and 

3.  Hot.  plate. 

The  following  materials  were  used  to  applv  the  polvimide  conformal 
coat ing : 

1.  Seleetilux  HTR  3-200  photosensitive  polyimide  precursor,  2. 
Selectiplast  HTR  AP-1  adhesion  promoter,  3.  Selectiplast  D-2 
deve lope  r , 

4.  Isopropyl  alcohol,  and 

5 .  Ma  s  k  alii gne  r . 

App 1 ica  t ion  of  the  Polyimide .  The  following  procedure  was  used  to 
apply  the  polyimide  conformal  coating: 

1.  The  wafer  was  baked  at  150  degrees  Celsius  for  30  minutes  to 
dehydrate  the  surface. 

2.  The  adhesion  promoter  was  mixed  in  a  graduated  cvlinder  as 
follows  (two-day  self  life): 

a.  1-5  milliliter  (ml)  of  HTR  AP-1. 

b.  95  ml  of  isopropyl  alcohol, 

c.  5  ml  of  DIW. 

3.  The  wafer  was  removed  from  the  oven  and  allowed  to  cool. 

4.  The  wafer  was  placed  on  the  photoresist  spinner  and  the-  wafers 
were  purged  with  nitrogen  to  remove  particulate  matter. 
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5.  The  wafer  was  flooded  with  the  adhesion  promoter  for  10-15 
seconds.  The  wafer  was  immediately  spun  on  the  photoresist 
spinner  at  4000  rpm  for  30  seconds. 

6.  The  adhesion  promoter  was  allowed  to  cure  for  1  minute  on  the  hot 
plate  at  150  degrees  Celsius. 

7.  The  wafer  was  placed  on  the  spinner  and  the  wafers  were  purged 
with  nitrogen  to  remove  particulate  matter. 

8.  The  polyimide  precursor  was  applied  to  the  wafer  with  an 
eyedropper  to  cover  approximately  one-third  of  the  wafer.  The 
polvimide  was  spread  on  the  wafer  using  a  20  second,  2000  rpm 
spin  cvcle  (yields  a  10  micron  thick  polyimide  film  after  cure). 

9.  The  wafer  was  softbaked  at  65  degrees  Celsius  for  2  hours. 

10.  The  wafer  was  removed  from  the  oven  and  allowed  to  cool. 

Expos ing  and  Developing  the  Polvimide .  To  expose  and  develop  the 
polvimide  vias,  the  following  procedure  was  implemented: 

1.  The  wafers  were  purged  with  nitrogen  gas  to  remove  particulate 
matter . 

2.  The  exposure  level  of  the  mask  aligner  was  set  to  400  mJ/cm*'.  The 
mask  was  manually  aligned  with  the  wafer.  The  wafer  was  exposed 
to  the  ultraviolet  light  source. 

3.  The  wafer  was  placed  on  the  photoresist  spinner.  The  wafer  was 
spun  at  500  rpm,  and  sprayed  with  the  developer.  After  25  seconds 
of  spraying  the  developer,  isopropyl  alcohol  was  sprayed  on  the 
wafer  as  a  rinse  (5  second  duration).  The  rinse  was  maintained 
for  15  seconds. 

Curing  the  Polvimide .  To  cure  the  polyimide  layer: 


1.  The  oven  was  programmed  as  follows: 


a.  Hold  70  degrees  Celsius, 


b. 

SI 

150 

degrees 

Celsius 

for 

1.5 

hours 

c . 

S2 

200 

degrees 

Celsius 

for 

1.5 

hours 

d. 

S3 

250 

degrees 

Celsius 

for 

4  hours . 

The  wafer  was  placed  in  the  oven,  and  after  approximately  7 
hours,  the  wafer  was  removed 


Bib  1 iographv 


1.  I.vman.  Jerry.  "Silicon-On-Silicon  Hybrids  Are  Coining  Into  Their 
Own."  Electronics :  47-48.  (28  May  1987). 

2.  Cole,  Bernard  Conrad.  "Wafer-scale  Faces  Pessimism,"  F.  1  ee  t  ron  i  e 
Week :  49-53.  (April  1,  1985). 

3.  Johnson,  R.  W.  e t  a  1 .  "Silicon  Hybrid  Wafer-Scale  Package 
Technology,"  IEEE  Journal  of  Solid-State  Circuits.  Vo 1  nine  C -71.  2 
845-851.  (October  1986). 

4.  Donlan,  Capt  B.  J.  et  al .  "The  Wafer  Transmission  Module,"  VLS 1 
Systems  Design.  1_\  54-58,88-90.  (January  1986). 

5.  Aubusson,  Russel  C.  and  Ivor  Catt.  "Wafer-Scale  Integration  --  A 
Fault  Tolerant  Procedure,"  IEEE  Journal  of  Sol  id  State  C i rcu  i  t s  . 
13:  339-344.  (June  1978). 

6.  Lyman,  Jerry.  "The  Latest  Wafer-Scale  Design  Is  A  Hybrid," 
Electronics :  28.  (March  17,1986). 

7.  Hamilton,  Douglas  J.  Course  notes  from  IEEE  Videoconference  "High 
Performance  Integrated  Circuit  Packaging,"  (September  22.  198/ i. 

8.  McConkev,  Capt  Michael  and  Dussault,  Heather  B..  "Application  of 
Wafer  Scale  Integration  to  Spaceborne  Signal  Processing," 
Proceedings  of  the  198 7  Government  Microcircuit  Appl i ca t i ons 
Conference .  509-513.  New  York:  IEEE  Press,  1987. 

9.  _ _.  "The  Trials  of  Wafer-Scale  Integration,"  I  FEE  Spectrum.  2 1 

32-39.  (October  1984). 

10.  Ghandhi,  S.K. .  VLSI  Fabrication  Principles.  New  York:  John  WiK-v 
Sons,  1983. 

11  .  Sze ,  S.M.  .  Semiconduc tor  Devices:  Physics  and  Techno  1 ngv .  New  Yorl 
John  Wiley  and  Sons,  1985. 

12.  Bassous,  Ernest.  "Fabrication  of  Novel  Three-Dimensional 
Microstructures  by  the  Anisotropic  Etching  of  (100)  and  <110) 
Silicon,"  IEEE  Transactions  on  Electron  Devices  .  Vo  1  nine  ED  -25.  ID 
1178-1185.  (October  1978). 

13.  Bean,  Kenneth  E..  "Anisotropic  Etching  of  Silicon."  ]  KEF. 
Transactions  on  Electron  Devi  ecs  ,  Vo  1  unto  ED  -  2  5  ,  ljj  :  1  1  S  -  1  1 ' '  ’  . 
(October  1978). 

14.  _ .  "Etching  of  Silicon  and  Germanium,"  RCA  Review.  Volume  : 

280-307.  (June  1978). 


Bi  B-  1 


Kendall,  Don  L. .  "On  Etching  Vt-rv  Narrow  Grooves  in  Silicon," 
Applied  Phvsics  Letters  .  Vo  1  ume  26 ,  4:  195-198.  (14  Feb.  1“  '•>  >  . 

Lee,  D.B..  "Anisotropic  Etching  of  Silicon,"  J  ourna  1  of  Applied. 
Phvs i os .  Volume  40,  LI:  4569-4574.  (October  1969). 


Finne,  R.M.  and  Klein,  D.L..  "A  Water-Amine -Complexing  Agent  Svs; 
for  Etching  Silicon,"  Journal  of  Electrochemical  Society;  Sol  id. 
State  Science.  Volume  114.  9:  966-970.  (September  1967). 

Price,  J.B..  "Anisotropic  Etching  of  Silicon  With 
KOH-Water- Isopropyl  Alcohol."  Electrochemical  Society; 
Semiconductor  Silicon:  338-353.  (1973). 

Collins,  William.  "A  Comparison  Of  Conductive  Die  Attach 
Adhesives,"  Connec t ion  Technology :  35-38.  (June  1987). 

Giuliano,  Michael  N..  "Eutectic  Bonding  of  Contacts  To  Silicon 
Solar  Cells."  IEEE  Reprint  0160-8371/82/0000-9000:  1982. 


Shenfield,  David.  "Microcircuit  Adhesives  Tutorial."  Hybrid  Circuit 
Technology :  41-45.  (October  1987). 

Planting,  Peter  J..  "An  Approach  for  Evaluating  Epoxy  Adhesives  tor 
Use  in  Hybrid  Microelectronic.  Assembly,"  IEEE  Transaction  On 
Parts  .  Hybrids  .  and  Packaging.  Volume  PHP -  1  1 .  4:  305-  311.  (December 
1975). 

Brassell,  G.W.  and  Fancher,  D.R..  "Long-term  Strength 
Characteristics  of  Conductive  Epoxies,"  Proceedings  of  ;  he  1  SUM 
19  7  5  Into  rna  t i ona 1  Microelect  ronic  Symposium :  38-46.  (  2  7  -  29  October 

1975). 

Licari,  J.J.  e t  a  1 ,  "Guidelines  For  the  Selection  of  Electrically 
Conductive  Adhesives  for  Hybrid  Microcircuits."  Proceedings  o i  t  h. 
ISHM  1975  International  Microelectronic.  Symposium:  65  -  73.  <27-  2“ 

Oc  tobe  r  19  75). 

Licari.  James  J.  e t  a  1 ,  "Evaluation  of  Electrically  Insulative 
Adhesives  for  Use  in  Hybrid  Microcircuit  Fabrication,"  I F.  E  F. 

Transact  i  on  on  Parts  ,  Hybrids  ,  and  Packaging  .  Volume  9.4:  1 t,l)  -  21 '  . 

(December  1973). 

Private  discussion  with  Dr.  Walter  Brennan  of  the  Master  Bond  Inc. . 
Teaneck,  New  Jersey. 

Moghadam.  F.K..  "Development  of  Adhesive  Die  Attach  Techno  lgv  in. 
Cerdip  Packages;  Material  Issues,"  Pi  ceedings  o I  the  1 ( * 8  )  1  SUM 
I  rite  rna  t  i  ona  1  Microelect  ronics  Sympos  i  uni :  (Reprinted)  1  -  hE 
(November  1983). 


B I  B  -  2 


.  I 


>umiinnnnin\i'y'.'»r»«  ■>■■■■ 


v»v »V’V 


J  .  McDonald,  Jack  F.  e  t  a  1  ,  "Mul  t  i  levol  Interconnect  ions  lor  Wat.  i 
Scale  Integration,"  Journal  of  Vacuum  Science  and  Technology.  _t  : 
3127-3138.  (November/December  1986). 

J9  .  Saxena ,  A.  N.  and  D.  Pramanik.  "LSI  Multilevel  Metal  lixat  ion," 

Solid  State  Technology,  2 7 :  93-  100.  (Dec  1984). 

30 .  Saroyan,  Mike "Advances  in  Photosensitive  Polvimide  Applications.'' 
Reprinted  as  an  EM  Industries  Inc.  brochure  from  M i c  roe  1 ec ; mi;  i c 
Manufacturing  And  Testing:  1-8.  (Aug/Sept  1986). 

31.  Dav ,  D.R.  e  t.  a  1 ,  "Polvimide  Planarization  In  Integrated  circuits," 
Pol  vim ides ,  Volume  2,  edited  bv  K.L.  Mittal.  New  York:  Plenum 
Press,  1984. 

33.  Ahne , H .  e t  a  1 .  "Polvimide  Patterns  Made  Direct lv  From 

Photopolvmers , "  Pol vim  ides .  Volume  2,  edited  bv  K.L.  Mittal.  New 
York:  Plenum  Press,  1984. 

33.  Estes.  Richard  H.  .  "Adhesives  for  Military  Hybrids."  Hvbr  i  d  C  i  rci  1  ~ 
Technology :  21-24.  (July  1986). 

3  i  .  Wu,  Xian-Ping  e  t  a  1  .  "A  Study  On  Deep  Etching  Of  Silicon.  Lsing. 

Ethy  lenedlamine  -  Pyroca  techo  1-Water."  Sensors  And  Actuators.  Vo  1  u:: .  ■ 
9:  333-343.  (September  1986). 

33.  Kitchen,  Maj  Donald,  Instructor.  Department  of  Electrical 

Engineering,  Air  Force  Institute  of  Technology,  personal  interview, 

18  October" 1987. 

36.  Cullitv,  B.D.  Elements  of  X - R a v  Pi ffract ion .  Massachusetts: 
Addison-Weslev  Publishing  Company,  Inc.,  1956. 

3".  Ruska  ,  W.S.  .  M  i.croe  lec  t.  ron  i  c  Process  i  ng  .  New  York:  McC  raw  Hill  . 

1 9  8  7  . 

AcM  j  ;  j  op  a  1.  Re  f’e  fences  . 


Weirauch.  Donald  F..  "Correlation  of  the  Anisotropic  Etching  o! 
Single -crystal  Silicon  Spheres  and  Wafers."  J ourna 1  of  Ann  1  i ed 
PI  i  vs  i  c  s  .  Vo  1  nine  46,  4:  14  78-  1183.  (April  19  75  ). 

Weigand,  B.L.  e t  a  1  ,  "The  Reliability  of  Polymeric  Adhesive::  in 
Hybrid  Microcircuits,"  Proceed  i  ngs  of  the  I  SUM  1  975  Intercut  i  ■  >i  :■  ■  1 
M  i  c  roe  lec  t  roni  c  Sympos  i  urn  :  4  5  -  3  3  .  (27-29  Oc  t.ohe  r  1“  '  -  , 

Manko,  Howard  H..  "Solder  Selection  For  Hybrid  Bonding,." 

Proceed  i  ngs  of  the  I  SUM  19  7  5  lute  rnat  i  (n.'i  1  M  i  c  roe  1  ec  t  nmie 
Sympos  i  un: :  178-  183.  (27-29  October  1973). 


\ 

\ 

\ 


B 1  B  -  3 


Piccoli,  S..  "A  Comparison  of  Electrical  Performance  of  Conductive 
Epoxy  and  Soldered  RF  Connections  in  Microwave  Hybrid  Circuits," 
Proceedings  of  the  ISHM  1975  International  Microelectronic 
Symposium :  79-86.  (27-29  October  1975). 

Hunadi,  R.J.  and  Vaccaro,  J.F..  "High  Purity,  Low  Outgassing  Die 
Attach  Adhesives  for  Military  Specification  87172,"  Hybrid  Circuit 
Technology :  35-38.  (July  1986). 

La  Voie,  1st  Lt  Jayme  E.  Characterization  of  a  Polvimide  For  Use 
As  An  Inter-metal  Insulation.  Masters  thesis.  School  of 
Engineering,  Air  Force  Institute  of  Technology  (AU) ,  Wright 
Patterson  AFB  OH,  December  1983. 

Baranyi ,  A.D.  and  Christopher,  M.M..  "A  User's  Experience  with 
Mil-Std-883  'Compatible'  Microelectronic  Adhesives,"  Hybrid  Clrcu i t 
Technology :  35-39.  (October  1987). 

Wilson,  A.  M. .  "Use  of  Polyimides  In  VLSI  Fabrication," 

Polvimides .  Volume  2,  edited  by  K.L.  Mittal.  New  York:  Plenum 
Press,  1984. 


VITA 


Captain  Robert  W.  Mainger  was  born  on  22  May,  1953  in  Cleveland. 
Ohio.  He  graduated  from  high  school  in  Lakewood,  Ohio,  in  1971  and 
attended  Cleveland  State  University,  the  University  of  Illinois,  and 
the  Moody  Bible  Institute,  graduating  Magna  cum  Laude  with  a  Bachelor 
of  Arts  degree  in  May  1980.  Upon  graduation  from  Officer’s  Training 
School,  he  received  a  commission  in  the  USAF  as  a  second  lieutenant  in. 
1982.  He  received  his  Bachelor's  of  Science  in  Electrical  Engineering 
degree  in  March  1984  from  the  School  of  Engineering,  Air  Force  Institu 
of  Technology.  He  then  was  assigned  as  an  electrical  engineer  in  the 
Advanced  Research  Branch  of  the  Foreign  Technology  Division  (FTD' 
located  at  Wright-Patterson  AFB .  He  was  designated  the  lead  engineer 
assessing  foreign  microelectronics  at  FTD  in  1986.  In  1984,  he  began 
part  time  studies  seeking  a  Master's  of  Science  in  Electrical  Engi¬ 
neering  from  the  Air  Force  Institute  of  Technology  where  he  has  contin 
ued  graduate  work  to  the  present  time. 

Permanent  address:  4201  Cozvcroft  Drive 

Da,-ton.  Ohio  45424 


V1T-1 


'4  Rt»0»’  SECuR.!*  C-ASS.f  CAT.ON 

UNCLASSIFIED 


4  SECuR  T Y  C.ASS F'CA'ON  AuthOR.TY 


2d  DECl^SS  ;  -.A*. ON  DCW.GRAD.NG  SC-ED^lE 


ocot  ;sv\G  ORGAN  ZA~'ON  PE=ORT  NL  MBER'S' 


REPORT  DOCUMENTATION  PAGE 


1b  RESTR;C*  Vt  MARKINGS 


form  Approved 
OM8  Sc  0734-0188 


3  DlSTRiBo'iON  AV  AlABvty  Of  RE=OR’ 
Approved  for  public  relc  as-.  ; 
distribution  unlimited. 


5  MON-OR  NG  ORGAN  Z A' ON  n  =  »OR’  NUMBER  S 


6a  NAVE  Oc  P E R =  0 R V  NO  GRGAVZANON 

6b  off  CE  Symbol 
(If  applicable) 

School  of  Engineering 

afit/eng 

•ON  'OR  \G  O- 


6c.  ADDRESS  (Cif>  Stare  and  ZIP  Code) 

Air  Force  Institute  of  Technology 
Wrignt-Patterson  AFB,  OH  45433 


7d  ADDRESS  City.  State  and  ZIP  Code 


8 a  NAME  OP  FUNDING  .  SPONSORING  8b  OFFICE  SY 

ORGANIZATION  ( if  applical 

Advanced  Research  Branch  FTD/TOTR 


8c.  ADDRESSfOty  State,  and  ZIP  Code) 


8b  OFFICE  SVMBOL  9  PROCUREMENT  INSTRUMENT  iDEN^f  iCATlON  NUMBER 
(if  applicable) 


Foreign  Technology  Division 
Wright-Patterson  AFB,  OH  45433 


'0  SOURC 


PROGRAM 


„\D  \C  NUMBERS 

PROJECT 

NO 

TASK 

NO 

.VQRn  wV* 
ACCESS  CN  NO 

’  1  r  *_E  i include  Security  Classification) 

Investigation  of  a  Hybrid  Wafer  Scale  Integration  Technique  That  Mounts  Disci  etc 
Integrated  Circuit  Die  in  a  Silicon  Substrate.  _ 


12  personal  AUTHOR(S) 

Robert  W.  Mainger.  B.S.E.E..  B.A..  Captain,  USAF 


134.  type  OF  REPORT  13b  TIME  COVERED  1«  DATE  OF  REPORT  {Year,  Month,  Day)  ’5  PAGE  COUN 

MS  Thesis  from _ tq _  1988  March  230 


16  Supplementary  notanon 


Field 

GROUP 

09 

01 

COSAT.  CODES 


SUB  GROUP 


18  SUBJECT  TERMS  ( Continue  on  reverse  if  necessary  and  identify  by  block  number) 

Electrical  Engineering;  Microelectronics; 

Integrated  Circuits;  Miniature  Electronic  Equipment; 


19  ABSTRACT  (Confine/#  on  reverse  if  necessary  and  identify  by  block  number) 

Title:  INVESTIGATION  OF  A  HYBRID  WAFER  SCALE  INTEGRATION  TECHNIQUE  THAT  MOUNTS 

DISCRETE  INTEGRATED  CIRCUIT  DIE  IN  A  SILICON  SUBSTRATE. 


Thesis  Chairman:  Edward  S.  Kolesar,  Major,  USAF 


Apytcvu  1  ’  r  p 
LY*  W  * 


20  DISTRIBUTION  AVAILABILITY  QF  A8STRACT 
OuNCLASSlFlEDAINLIMlTED  □  SAME  AS  RPT  Q  OTIC  USERS 


224  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Edward  S.  Kolesar.  Maior.  USAF 


DD  Form  1473,  JUN  86  Previous  editions  are  obsolete 


21  A8STRACT  SECURITY  CLASSIFICATION 


22b  telephone  (include  Area  Code)  22 c  OFFICE  Symbol 

313-255-3576  AFIT/ENC 


SECURITY  CLASSIFICATION  QF  This  RAGE 


UNCLASSIFIED 


This  study  investigates  a  hybrid  method  of  Wafer  Scale  Integration 
1 WSI)  which  involves  mounting  discrete  integrated  circuit  die  into 
etched  '’wells'1  of  a  silicon  wafer  substrate,  aligning  the  top  surfaces 
f  both  the  die  and  the  silicon  substrate,  planarizing  the  gap  between 
the  die  and  the  substrate,  applying  a  conformal,  dielectric  smoothing 
layer,  and  finally,  interconnecting  the  die  utilizing  a  thin-film 
metallization  conductor  pattern.  The  study  establishes  a  fabrication 
process  by  which  functional  integrated  circuit  die  can  be  c lose  -  mounted 
and  reliably  interconnected  with  relatively  low- loss  conductors. 

The  study  is  composed  of  four  phases.  The  first  phase  is  the  Wet 
Orientation  Directed  Etching  (WODE)  study  which  investigated  the 
suitability  of  two  silicon  orientations  and  three  etchants  for  creating 
the  die  ®wells*  in  the  support  subs’ -ate.  The  second  phase  was  the  Die 
Attach  Adhesive  (DAA)  study  which  in . ^st igated  the  performance  of 
several  hybrid  circuit  attachment  ad'  sives  for  mounting  the  die  in  the 
'wells"  of  the  substrate.  The  thir:  ,;ase  involved  the  preparation  of 
final  sample^  for  electrical  performance  evaluation.  This  phase  utilized 
the  results  of  the  first  two  phases  and  involved  a  series  of  minor 
experiments  which  determined  the  optimum  combinations  of  materials, 
techniques,  and  processing  temperatures  critical  for  achieving  the  final 
product.  In  the  fourth  phase,  the  evaluation  of  the  electrical  and 
thermal  performance  of  the  WSI  samples  was  accomplished.  In  addition, 
the  functional  circuits  were  subjected  to  60-hour,  mean-time-to  failure 
(MTTF)  electrical  tests  at  room  temperature  and  150  degrees  Celsius. 

The  surviving  samples  were  then  subjected  to  high  temperature  tests  up 
to  350  degrees  Celsius.  After  failure,  each  circuit  was  inspected  to 
locate  the  failure.  The  early  mortal1 tv  percentage  of  the  56  circuits 
tested  was  29.6  %.  Three  failures  urred  after  60-hour  tests  at  room 
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degrees  Celsius  '5.6%).  Five  of  the  remaining  60  circuits  (9.3  %)  failed 
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